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This thesis describes the author's investigation of fatigue 
crack propagation in Qi (N) steel plate. 	The material is a readily 
welded, Ni-Cr-Mo, low alloy steel whose principiL application is in 
pressure vessel construction. 	Extensive fatigue tests have been 
conducted on 35mm thick CKS type specimens. An automated ultrasonic 
device has been used to determine crack growth rates resulting from 
both simple and complex loading sequences. All crack propagation 
results have been correlated against the prevailing stress intensity 
conditions. 
Equilibrium crack growth rates have been determined for constant 
amplitude loading. 	For values of the stress ratio, R, in excess of 
0.3 growth rates were found to be independent of the applied mean 
stress intensitr. 	The original Paris equation of the form, da/dN = 
was applicable to the data over a limited range only; an 
empirical polynomial has been derived to provide more accurate 
predictions of the equilibrium crack growth rates. 	For values of 
R below 0.3 crack closure effects cause growth retardation under 
constant amplitude loading. 
Crack growth resulting from complex load sequences has been 
experimentally investigated. 	The influence of dynamic "overloads" 
and changes in the applied mean stress intensity have been 
individually investigated. More complex tests have been conducted 
under both 3 and 8 level block loading. Under no circumstances did 
the measured growth rates exceed the values predicted on the basis of 
a summation of the equilibrium damage rates. 	The reduced growth 
rates associated with complex load sequences are attributed to crack 
closure effects caused by residual stresses at the crack tip. 	It is 
argued that "in service" damage rates will be determined by the precise 
load sequence and the component geometry. 
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Fatigue crack growth in Qi (N) was found to occur by striation 
foiing mechanisms under all loading conditions; the alloy 
exhibited no tendency to fail by 'tbrittle" mechanisms. 	Surfaces 
produced during fracture tougimess tests were consistent with this 
trend. 	It is concluded that, relative to traditional structural 
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In 1971 The Naval Construction Research Establishment, Dunfermline 
placed a research contract with The Mechanical &igineering Department 
of the University of Edinburgh. A Research Associate (the author) 
was employed to investigate the effect of complex load sequences on 
the rate of fatigue crack propagation in Qi (N). steel plate. 	Qi is 
the British made equivalent of a steel developed in the U.S.A. and 
referred to there as ITY-80. The material used in this work has been 
manufactured and inspected to British Naval specification and is 
therefore designated Qi (N). 	The HI alloys are classed as medium to 
high strength steels having both good toughness and good weldability. 
The weldability was designed into the materials by the simultaneous 
development of the parent plate compositions and suitable welding 
procedures. 	The tensile strength and ductility of welded joints in 
Qi exceed the minimum specifications for the parent plate material. 
The impact properties of the joints are also satisfactory for naval 
construction. 	However for certain applications, e.g. pressure hulls,. 
low cycle, high load fatigue conditions are encountered and represent 
the princi 1. threat to structural integrity. • If welded Qi structures 
are to be subjected to such conditions the designer must be fully 
aware of the fatigue properties of both. the parent plate and the welded 
joints. 
There are two factors to be considered regarding the fatigue 
resistance of these materials. 	In general the fatigue resistance of 





Steels, such as Qi , which have a tempered martensite structure are 
found to have among the highest endurance ratios
*
. 	However these 
ratios are determined from unnotched specimens; the situation for 
notched material is less encouraging. 	The endurance limit of 
severely notched specimens remains relatively constant as the tensile 
strength is increased, hence the endurance ratio is decreased. 	Thus 
Qi structures, if notched, may prove to be less resistant to fatigue 
damage than simple consideration of their tensile properties might 
suggest. 	The second consideration is that a welded structure will 
always contain small defects which act as notches. Admiralty 
inspection procedures are very stringent, involving detailed ultra- 
sonic examination of all critical welds. 	But multipass welds on 
heavy sections are extremely difficult to inspect; thus defects, 
sufficient to cause fatigue initiation, have to be expected in the 
joinof large welded structures. 	To the pressure hull designer the 
danger of a fatigue failure originating from a welded joint is well 
recognised. His problem, with the adoption of the relatively new HI 
steels for naval construction, is to have confidence that the design 
criteria evolved from the use of lower strength steels still provide, 
or can be modified to provide, the correct balance between strength under 
static loading conditions and under fatigue conditions. 	It was against 
this general backgroimd that the program of work reported in this 
thesis was evolved. 
From the outset it was intended to study crack propagation; it 
was assumed that crack initiation in a real structure was effectively 
unavoidable as a consequence of the "defect" content. 	It is a matter 
of observation that cracks initiate and start to propagate in welded 
joints and their associated heat affected zones. 	It was therefore 
logical that the original aims of the author's contract included the 
* 
Endurance ratio: (Fatigue limit)/(Tensile strength) 
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study of crack propagation in both parent plate material and welded 
joints. 	It was envisaged that the parent plate studies would 
provide a data base to which the more complex crack propagation 
characteristics of the welded joints could be related. 	However, 
it became apparent at an early stage that, if complex load sequences 
were to be considered, the study of parent plate material would be 
a major undertaking in its own right and investigation of crack 
propagation in welded joints would have to be postponed. 	This thesis 
is therefore concerned with crack propagation in Qi parent plate under 
a variety of loading conditions. 
The princip 7 impedinent to practical fatigue design is our 
inability to relate simplified laboratory test data to realistic 
service conditions. 	The evolution of fracture mechanics has 
significantly advanced our understanding of the stress distributions 
associated with fatigue cracks. 	This has made possible the unification, 
of data from different sources under a common set of,parameters. 
The extension of fracture mechanics analyses to components and 
structures is not generally practical. 	Even for simple components 
the costs are considerable; for more complicated situations, e.g. 
welded plate structures, uncertainties with regard to their loading, 
shape and structural uniformity make the analyses extremely costly 
and highly conjectoral. 	Even giveil suitable design parameters for 
structural analysis, there remains the problem of our poor understanding 
of fatigue damage accumulation under the varying loads experienced in 
a service environment. 	Traditional design techniques rely on simple 
fatigue data usually gained from rotating bending tests. At the other 
end of the scale the aircraft industry has for some time indulged in 
full scale testing of airframes under simulated service load conditions. 
This approach is exceptional and totally impractical f or the majority 
of structures. 	There is therefore an increasing interest in laboratory 
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fatigue testing of simple samples or single components under 
simulated service load conditions. 	Laboratory test sequences are 
evolved from records of "in service" loads. 	In general it is 
impractical to exactly duplicate the service loads in the laboratory; 
some simplification of the service record being required to suit the 
testing facilities available. 	In so "condensing" service load 
histories it is important that the researcher is acutely aware of the 
relative significance of the various load sequences whose effect he 
aims to simulate. The princip)aim of this work has therefore 
been toexamine the effect of individual loading parameters on the 
rate of fatigue damage accumulation. 	Crack growth rates have also 
been investigated under block loading conditions which constitute 
a first step towards full service load simulations. 
This thesis is principally concerned with the influence of complex 
load sequences on crack propagation rates. However a major 
undertaking during the early stages of the work was the development 
of a satisfactory system for continuously measuring the length of a 
growing fatigue crack. 	An automated, ultrasonic device was developed 
by the author to monitor crack length and control the load applied to 
the sample such that the crack tip stress intensity was maintained 
constant. 	Although the development of this device was critical to 
the subsequent crack propagation studies it was essentially a separate 
problem. 	It was felt that the continuity of this thesis would 
benefit from having the details of the crack monitor excluded from 
the main text; therefore a self contained appendix has been included 
to deal with this important aspect of the work. 	The main text, which 
deals with the crack propagation studies, is presented according to 




2.1 General Background 
2.1 .1: Preamble 
Fatigue may be concisely defined as: the phenomenon whereby 
a crack develops and extends in a material under alternating stress 
conditions whose magnitude is less than the initial static strength 
of the structure. 
The traditional concepts of fatigue are being rapidly restated 
in the modern terminology of fracture mechanics. However, many of 
the pre-fracture mechanics concepts remain valid and traditional 
determinations of the relative fatigue resistance of different 
materials are still an essential aid to design engineers. Many 
excellent reviews of the traditional approach to fatigue have been 
published, amongst these the books by Forrest [i] and Yokobori [2] 
are well known. An introduction to the application of fracture mechanics 
in fatigue is provided byBarnby [3], more detailed information is 
available from Knott [4]. Liebowitz [5] has edited a comprehensive 
multi-volume review of fracture. The extensive series of ASTN 
Special Technical Publications providesa comprehensive record of work 
that is currently being undertaken in fatigue research. Despite 
the revolution in thinking, that has been caused by the development 
of fracture mechanics, fatigue failure in metals is still considered 
to be a three stage process involving: 
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Crack initiation, usually at th6 component's surface. 
Propagation of the crack on a macro-scale. 
Final fast failure by "static" mechanisms. 
The differences between these stages are considered below. 
2.1.2 Crack initiation 
The distinction between stages 1 and 2 is readily made in simple 
laboratory situations, though it may be less clear in complex 
components. 	Crack initiation results front dislocation movement 
on slip planes in grains lying at the material's surface. 	The exact 
mechanism of initiation is not understood. However it is apparent 
that even when the nominal stress remains less than the materiaTh 
elastic limit some irreversible plastic deformation occurs at certain 
surface sites. Even in nominally smooth samples thin folds of 
material are raised from the surface; these "extrusions" are 
associated with "intrusions" or micro-cracks. 	Because the process 
is associated with dislocation movement on slip bands the micro-cracks 
grow in a shear mode, i.e. at 450  to the dominating principal stress. 
As the crack extends it is observed to undergo a re-orientation such 
that it lies normal to the princip. stress. 	This rotation which 
represents the change from stage 1 (initiation) to stage 2 (propagation) 
will usually occur when the micro-crack encounters an obstacle to 
slip such as a grain boundary [6]. 	In many practical cases crack 
initiation occurs at a "feature" that acts as a notch or stress raiser. 
Nachine marks, corrosion damage or metallurgical inhomogeneites are 
typical "notches" that will accelerate crack initiation by creating 
a local stress concentration. 	It is not the author's intention to 
review, the metallurgy of crack initiation, readers who seek further 
information are referred to reference[7]. 
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2.1.3 Crack propagation 
Stage II crack growth commences when the initiated micro-crack 
grows out of its slip band. From this moment the crack will follow 
the path of least resistance. Transgranular crack growth is normal 
though under certain circumstances the crack may follow slip bands [8] or 
lines of weakness caused by such features as grain boundaries [9,10] 
and quench bands [ii]. Furthermore a crack may deviate under the 
influence of a localised internal stress field [12]. 	On a fracture 
surface the region of stage II propagation is readily distinguished 
by its characteristic markings. 	Typically the surface is smooth 
compared with the region of final fast failure and exhibits the 
"beach" and "river" markings described in elementary text books of 
metallurgy. At high magnifications the fracture surface is often 
seen to be striated normal to the direction of crack growth. 	The 
clarity of these features depends on both the material and the load 
history experienced. Many workers have confirmed that these markings 
correspond to the cycle by cycle growth of the crack [ 13]; their 
spacings can be used as a quantitative measure of crack growth rates. 
Cracks propagating in thin sheet components may rotate to lie in a 
plane at 450  to the principa.'lstress. 	The morphology of the fracture 
surface changes; the striations being replaced by a dimpled appearance. 
These features have not proved satisfactory for quantitative measurement 
of crack growth rates. 
2.1 .4 Final "static" failure 
Final rapid failure of the structure occurs when the crack has 
weakened it to the point that its static strength is insufficient to 
support the maximum load experienced. The moment of failure and 
the nature of the fracture surface that results will vary according to 
the loading conditions and the material properties. 	There are three 
factors to be considered. 
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The material has experienced cyclic loading and therefore may 
have hardened or softened according to its bulk cyclic 
properties. 
The component is very severely notched by the stage II 
fatigue crack. 
The applied strain rates under fatigue loading may vary 
greatly from one situation to another. 
The result of these effects may be to produce a final fracture whose 
appearance is not typical of "static" failure in the same material. 
• From the point of view of structural integrity this final stage of 
failure is not of fundamental importance. Given that a crack can 
initiate and propagate continuously under service conditions final 
failure is inevitable. 
This thesis is entirely concerned with stage II propagation 
and specifically the effect that complex load sequences have on 
crack growth rates. The understanding and analysis of crack growth 
mechanisms havt been greatly advanced by the use of fracture mechanics 
concepts. A brief outline of this method of analysis is therefore 
given in the next section. 
2.2 Basic Fracture Mechanics 
2.2.1 Analysis of the elastic stress field at a crack tip 
Griffith's famous equation [14] presented the concept of the 
energy balance that controls brittle crack propagation. 	Orowan [15] 
appreciated that in metallic materials the plastic deformation 
occurring at the tip of an advancing crack would dominate the surface 
energy requirements considered by Griffith. 	Consideration of a 
cracked sample loaded under fixed grip conditions shows that if kinetic 
energy changes are negligible the rate of energy absorption by the 
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crack growth process is equal to the raEe of change of elastic 
energy in the material [16]. 	This latter parameter was deàignated 
"the strain energy release rate" (G) by Irwin [ 17 ]. 	He showed [18] 
that G could be related to the specimen compliance (c) by 
G = 4- P2(dC/da.. 	 (2.1) 
Using the coordinates shown in Figire 2.1 , he derived expressions 
for the stresses in the v4cinity of a crack tip contained in a two 
dimensional sheet of isotropic elastic material. 	For a remote load 
applied in the y direction he obtained: 
K 	9, 	. 0 	30. e 	
'(2ir) COS 	1 - sin Sifl --) 
	







The parameter K is seen to occur in each expression. Furthermore 
for any given location (e and r constant) the three stress terms are 
seen to be proportional to K. 	Thus this parametei which is termed the 
"stress intensity factor", affords a convenient quantitative 
characterisation of the crack tip stress field. 	Its unconventional 
units of mm_3/2 serve to emphasise that it does not detail a physical 
reality such as stress or strain but instead represents the overall 
intensity of the crack tip stress field. 	The above analysis applies 
to the "opening" mode of crack loading, otherwise referred to as "mode 
P. Figure 2.2 shows the designation of the three modes that are 
required to provide a general description of a loaded crack. 	Node I 
is the most important in practical failure considerations, the other 
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modes are however important in the development of our understanding of 
crack tip deformations. 
Bueckner [19] has demonstrated that the energy available for 
crack extension is equal to the strain energy difference of the stress 
fields before and after the extension occurs. Thus Irwin was able 
to relate his evaluation of the elastic stress field to the strain 
energy release rate (G). 	He showed that for planestress conditions 
the relationship was: 
K2 = EG. 	 (2.5) 
Under plane strain conditions the relationship is modified by the existing 
through thickness constraint. Expression 2.5 becomes: 
------------- -- 	 __ 	_ 
K2 = EG/(1 - 2) 	 (2.6) 
Irwin had originally suggested that 	the strain energy release 
rate at the onset of crack extension, would be a material property 
dependent only on specimen geometry. Direct determination of 
requires a measurement of specimen compliance which is not altogether 
simple. 	However K, whilst directly related to G, has the advantage 
that its determination is a normal, stress analysis problem involving 
the applied stressand the component geometry. Thus there should be 
a critical value of K. K 0 , associated with the onset of crack extension 
in an elastic medium which is more readily measured in practice 
than is the equivalent value of Gc • A survey of the various methods 
of calculating stress intensity factors is beyond the scope of this 
review. 	It is sufficient to note that an increasing number of analytical 
solutions are becoming available. 	These solutions are particularly 
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applicable to relatively simple, symmetiically loaded crack 
configurations. Laboratory testpieces and structural components 
present more complicated stress fields for which the stress 
I! 
intensity factors are usually computed numerically by use of recursive 
finite element techniques. An extensive survey of K determinations 
is given by Paris and Sih [20]; alternatively Kenny and Campbell [16] 
provide a brief summary with many references to original work. 
It should be emphasised that the analysis outlined in this 
section is onIy applicable to isotropic materials under purely 
elastic loading conditions. 	It has already been stated that 
in metallic materials, plastic deformation will be the dominant 
energy "sink" of the fracture process. 	It is pertinent therefore 
to consider how the linear elastic fracture mechanics concepts can 
be applied to realistic.situations involving crack tip plasticity. 
2.2.2 Consideration of crack tip plasticity 
The three stresses evaluated by Irwin's analysis of the opening 
mode are shown schematically in Figure 2.3(a). Under conditions of 
plane stress (c = o) the material at the crack tip will yield when 
=a and for a perfectly elastic/plastic material this is theYS 
maximum stress obtainable. Thus in practice a redistribution of 
the stress field occurs as indicated by the broken line in Figure 2.3(b). 
The displacement of the stress field in the x direction results from 
the requirement of the unylelded and yielded solutions to have the 
same load bearing capability. 	Under conditions of plane strain, 
i.e. in thicker sections, 'constraint in the z direction 
results in the value of a required to cause yielding being 
a 
y = a YS 	z 
+ a 	(Tresca criterion). 	 (2.7) 
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This condition is shown in Figure 2.3( The plastic zone is reduced 
to about 1/3 of the plane stress size. More detailed analysis of 
the size and shape of the plastic zone resulting from Node I 
deformation is hindered by the lack of an analytical model for these 
conditions. 	However, Irwin [21] has suggested that as a first 
approximation the zone be considered circular in the x/y plane. 
On the basis of the approach already discussed he gives the radius 
of the yielded region (R) as: 
RY 	K1 2 
(2.8) 
YS 
for plane stress conditions and 
Ry = 5.67t ()2 
	
(2.) 
for plane strain. A much more detailed consideration has been 
presented by Rice [22]. He considered mode III deformation 
for which an analytical model is available. Although this mode is 
of little practical importance from the point of view of crack growth 
it is considered [23] that the gross features of crack tip 
plasticity will be similar for modes I and III. 	The detailed 
conclusions drawn from the analysis of mode III loading are beyond the 
scope of this review,however, it is worth noting that the simplified 
approach presented above is not invalidated. 	It is concluded that 
mode I loading of a cracked component results in a plastically 
yielded zone at the crack tip. This is shown schematically in 
• Figure 2.4. 	The foregoing discussion has been concerned with static 
loading conditions; the same approach is broadly applicable to 
fatigue conditions subject to certain modifications. 
-22- 
2.2.3 Crack tip plasticity under fatigue loading conditions 
The fracture mechanics approach to crack tip plasticity under 
cyclic loading conditions has been expounded by Rice [22]. 	The 
analysis is based on the princips of plastic superposition developed 
for special cases by Hult and McClintock [24] and Rice [ 25]. 	The 
principJr conclusion is that the plastic deformation exists in two 
forms. Firstly there is the monotonic yield zone resulting from 
the peak of the first load cycle; this has the form discussed -above. 
Secondly there is the influence of load reversal to be considered. 
Unloading or load reversal is equivalent to the superimposition of 
a negative load, which,according to the purely elastic theory already 
discussed, results in the creation of an infinite negative crack 
tip stress ; - 	(Plastic blunting effects are necessarily 
ignored.) Thus reverse.d plastic flow is initiated at the crack tip. 
However, under the conditions of cyclic loading the stress required 
to produce reversed yielding is twice the monotonic yield stress. 
Hehce the extent of the reversed plastic zone is obtained by 
substituting 2a for CY in equations 2.8 and 2.9. For both planeYS 
stress and plane strain conditions the zone is found to be - the 
size of that resulting from monotonic loading over the same stress 
intensity range. Figure 2.5(c) shows a schematic representation of 
the monotonic and cyclic plastic zones existing at the crack tip 
under fatigue loading conditions. 
Irwin's stress intensity parameter was originally derived for 
purely linear elastic materials. 	The above sections have discussed 
modifications required to accommodate small scale crack tip plasticity. 
The stress distribution outside the plastic zone is assumed to be 
physically displaced but otherwise undisturbed by the occurrence of 
yielding at the crack tip. 	Rice [22] has considered the validity of 
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this assumption. For a remotely stressed crack opening under mde 
III deformation he compared the crack tip plastic zone sizes obtained 
from exact computations with those obtained from the modified 
stress intensity analysis. For monotonic loading he found the stress 
intensity approach remained accurate so long as the net section stress 
was less than 0.40• 	Under fatigue conditions it is the size 
of the reversed plastic zone that is critical, thus as a consequence 
of its smaller size, the limit on the net section stress is raised 
to 0.8ø.. These values do not represent precise limits to the range 
over which the stress intensity parameter is applicable, nor are 
equivalent values available for the practically important mode I 
deformation. However as the features of modes I and III are 
considered to be broadly similar it is concluded that the stress 
intensity, approach is applicable to fatigue crack propagation in 
materials for which fracture toughness determinations are invalidated 
by excessive crack tip plasticity. 	In practice stress intensity is 
found to correlate well with measured rates of fatigue crack growth 
for a wide range of materials. 	Consequently, in the absence of 
a more suitable parameter, it has been widely adopted for the formulation 
of crack propagation "laws". 	The more important equations are reviewed 
in the next section. 
2.3 Suggested Laws of Fatigue Crack Propagation 
A recent review [26] of suggested laws of fatigue crack propagation 
lists 33 separate expressions for the crack growth rate, da/dN. 
These laws are developed from many different approaches and in many 
cases are found to have considerable siniilarities. 	The earlier 
suggestions were extensively reviewed by Paris and Erdogan [27]. 
They made a critical study of the laws of Head [28], Frost and Dugdale 
[29], Liu [30], NcEvily and lUg [31] and Paris et al [32]. 	Their 
conclusion was that only the last two of the mentioned laws were 
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applicable over a wide range of data. Furthermore they demonstrated 
the equivalence of the stress parameter used by NcEvily and Illg 
to the stress intensity approach of Paris et al. 	Referring to 
Figure 2.6, which details the stress intensity parameters used for 
constant amplitude loading, the generalised form,of the equation 
proposed by these workers is 
= C(LIK) 	 (2.10) 
where LIX is the dynamic stress intensity range and mAa material 
parameter. IvlcClintock [33] has outlined alternative theoretical 
approaches to the determination of the exponent m. Attempts have 
been made to formulate crack propagation laws from specific material 
properties. 	Weertman's [34,35] proposal embodied brittle fracture 
considerations, NcEvily and Johnston [36] incorporated monotonic 
tensile properties to predict a- "universal" crack growth curve and 
Tomkins [37] has used the mechanical properties determined from 
cyclic stress-strain measurements. From the practical point of view 
these theoretically based derivations impose artificial constraints 
on the mechanisms considered.. The fatigue process itself has no 
respect for these limitations, thus equations derived for specific 
mechanisms tend not to have a general practical applicability. 
It should be emphasised that the stress intensity approach has 
no exact physical basis. 	Strictly speaking it is applicable only 
to conditions of small scale yielding, i.e. the crack tip plastic 
zone is small with respect to the component and crack dimensions. 
Furthermore, plastic zone corrections, when used, are based on the 
monotonic yield strength which may not be applicable for cyclic 
stress conditions. 	However, as has already been stated, the majority 
of recent equations proposed have embodied the stress intensity approach. 
The success of the general Paris equation (equation 2.10) is well 
FA 
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demonstrated by the extensive presentation of data by-Frost, Pook 
and Denton [38]. They have reanalysed earlier work in terms of the 
Paris equation. 	Their results, for more than 15 materials, indicate 
that for dynamic loading about a constant mean stress intensity the 
exponent m in equation 2.10 remains constant over a considerable 
range of crack growth rate. 	It is clear from the data of Frost et 
al thatwhilst AK is the dominating parameter, secondary effects 
such as the applied mean stress must also be bonsidered if growth 
rates are to be accurately expressed. Most of the more recent 
"laws" listed by Hoeppner and Krupp [26] acknowledge the primary 
influence of dynamic stress range but also attempt to 
accommodate some of the secondary effects (e.g. mean stress, frequency, 
strain hardening) which are known to affect crack growth rates. 
Notable for the attention it has received is the proposal of Forman et 
al [] which includes the effect of mean stress intensity by use of 
the stress ratio parameter, R. Foreman's equation is 
da 	C(AK)m 
d1(i_R)Kc AK 	 (2.11) 
where R is given by 
R=K./K 	 (212 nan max 
Dover and Hibberd [40] have found propagation rates in Qi (N) steel 
sensitive to the applied mean stress under a variety of random 
loading conditions. 	They have not tested their data against equation 
2.11, but have instead proposed a simpler expression which does not 
involve a fracture toughness value. They proposed 
da = CAK m m1 
dI\ 	rms K (2.13) 
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Experimental results indicated that different values of both m and 
were required for crack rates above and below 10 2  pm/cycle. 
Recently the general trend has been to utilize fracture mechanics 
parameters in the formulation of growth rate laws. The nature of 
the stress intensity function is such that equations which embody it 
do not relate to physical crack growth mechanisms, the proposed 
equations being empirical in nature. 	It is therefore desirable to 
use the simplest satisfactory expression; for this reason the 
majority of workers adopt the original expression of Paris et al [32], 
(equation 2.10), as the basis of growth rate "laws". 	This expression 
can readily be modified to include secondary effects such as mean 
stress. Fracture mechanics provides a convenient and satisfactory 
framework for the formulation of empirical expressions that fit a 
limited amount of experimental data. 	If expressions are to be 
widely applicable they will require to be more closely related to the 
actual mechanisms of crack growth. The extreme difficulty of 
achieving this condition is apparent from the review of growth mechanisms 
that follows. 
2.4 Crack Growth Mechanisms 	 - 
2.4.1 Preamble 
The difficulties of studying the mechanisms of fatigue crack 
propagation are well known. 	The very nature of the process makes 
access to the crack tip impossible. Furthermore in metals the 
conditions at the tip are subject to inherent inhomogeneities such 
as grain size, grain orientation and the presence of second phase 
material. To further frustrate the experimenta]jsts there is the 
problem of fracture surface attrition destroying potentially interesting 
evidence during subsequent load cycles. There is no doubt that the 
process of fatigue crack growth is extremely complex, involving a 
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variety of different micro-mechanisms. 	This fact, together with 
the problems of experimental observation, has resulted in our 
knowledge of the failure processes being largely conjectoral. 
Given these restrictions it is not surprising that the majority of 
work has been concerned with aluminium alloys. 	In these alloys 
cracks propagating under pure "opening mode" conditions reveal 
a regularly marked fracture surface. 	In other materials, particularly 
steels, the striations are observed to be less regular and often 
completely absent. 	Before considering the mechanisms that have been 
proposed as a direct result of striation analysis it is important 
to emphasise that, whilst these features provide clues to the 
mechanisms that created them they are not invariably associated with 
crack propagation. McNillan and Hertzberg [41] have shown the 
difference in appearance of fracture surfaces produced under pure 
mode I and mixed mode conditions. During the course of propagation 
cracks are prone to rotate from a plane normal to the principat  
stress to one inclined to it. 	In thin materials the inclined (plane 
stress) configuration may prevail throughout. 	In thicker materials 
it is found that the point at which the rotation occurs is determined 
by the specimen geometry and loading conditions. 	The limited 
attention given to the mechanisms of cracks propagating under mixed 
mode conditions is largely a result of the failure of the fracture 
surface to provide quantitative information. 	Hertzberg [42] 
investigated the "elongated dimples" found on slant fracture surfaces 
but was unable to correlate them with the measured macro-growth rate. 
The author's experimental work has all been concerned with plane 
strain type fractures which lie normal to the principP., imposed 
stress; propagation under these conditions will now be considered. 
2.4.2 Mechanisms of mode I growth 
The extensive interest in fracture surface striations stems 
from the observation by Forsythand Ryder [13] that each applied 
load cycle results in the formation of a single striation. 	Thus 
the striation spacings can be used to estimate local crack growth 
rates. 	Recently this technique has been extensively used to 
study growth rates under complex load sequences, an aspect that 
will be considered in the next section. 	The same authors suggested 
[43] that striations could be explained by a two stage process 
involving debonding of second phase material ahead of the crack 
tip followed by ductile necking of the intervening ligament. 
This early suggestion would seem to conflict with the observed 
variation of striation spacing with the applied stress. Laird [44] 
has given extensive consideration to the way in which striations 
are produced. 	Precise matching of fracture surfaces indicates that 
•the way in which they "fit" together varies, he has observed both 
"peak to peak" and "peak to valley" matching. He proposd a 
mechanism involving plastic "blunting" of the crack on the tensile 
stroke and resharpening to form twin "notches" during the compressive 
phase. 	The "notches" are later seen as striations. 	Schijve [45] 
considers that in 2024-T3 aluminium material the compressive, or 
unloading phase, results in the resharpening of a single notch at 
the crack tip. 	In both models the crack growth is considered to 
occur during the period of increasing load. 	This is_in accordance 
with the observations of McMillan and Pelloux [46]. A suggested 
correlation between striation spacing and dislocation subgrain size 
has been \ discounted by the work of Kiesnil and Luic [47]. Alternative 
dislocation models for crack tip deformation have been proposed by 
Tomkins and Briggs [48] and Spitzig et al [49]. 	These models like 
those of Laird [44] and Schijve [50] suggest dislocation movement on 
shear planes inclined at 450  to the crack growth direction. 	It is 
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probable that the severe plastic deformátions occurring at the crack 
tip require these and other dislocation mechanisms to be operative. 
Our knowledge of the crack tip conditions isinsufficiently complete 
to validate the proposal of detailed dislocation models. 	Plumbridge 
[51] notes the generality of the plastic blunting approach, he 
considers that the complexity of observed striation morphologies 
indicatesthat no single mechanism is dominant in the crack growth 
process. Furthermore striations have been extensively observed on 
the fatigue fracture surface of polymeric materials [51] indicating 
that crystallographic processes are not required for their formation. 
Steels in general exhibit more broken fracture surfaces which are 
not so readily analysed. Koterazawa et al [52] have recently studied 
the fracture surface of a carbon steel and performed precision 
matching tests of the separated material. They conclude that the 
growth mechanism as evidenced by the fracture surface is probably 
a "plastic blunting" mechanism of the type discussed above. 
The above represents the general concensus regarding crack 
propagation mechanisms under mode I crack opening conditions. 	It 
is important to recognise the limitations of these concepts. 	It is 
probable that the prevailing growth mechanisms change according to 
the loading conditions and perhaps the crack growth rate. For example 
there is a critical dynamic stress intensity level below which a crack 
will not extend [38]. 	It has been suggested [53] that this limit 
is associated with propagation at the rate of one lattice spacing 
per cycle. 	Regardless of the accuracy of this explanation one would 
not expect the growth mechanisms operative under these conditions to 
be accurately described by the generalised models developed for higher 
growth rates. 
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2.4.3 Mechanisms producing accelerated rowth rates 
The various crack growth rate laws proposed have 
embodied a variety of suggested crack tip failure mechanisms, some 
of which were mentioned in the previous section. A growth rate 
equation, stated in terms of the stress intensity parameter, results 
in a value of the exponent in (equations 2.10 and 2.11) which typifies 
the operative failure mechanism. Predicted values of in lie between 
2 and 4 [51]; many experimentally determined values agree well 
with these predictions. However, values up to seven and in 
exceptional cases up to 10 [54] have been reported. 	These high 
values imply that crack tip failure is occurring by faster mechanisms 
than those envisaged by the theoretical models. 	Ritchie [54] 
has demonstrated the existence of brittle fracture modes in steel. 
He consideres these result in high in values and increased sensitivity 
to mean stress effects. High strength alloys are particularly 
prone to exhibit high in values, there remains considerable scope for 
elucidating the mechanisms responsible. 
The tendency for cracks propagating under mode I conditions to 
rotate into an inclined plane has already been mentioned. Subsequent 
crack tip deformation is a combination of modes I and II. 
Fractographic studies [44] indicate that the failure mechanism differs 
significantly from the conditions that produce striations under 
pure mode I deformation. Further evidence of a change of mechanism 
is provided by the higher in values determined for inclined crack 
configurations [38]. Propagation under these mixed mode conditions 
is less well understood than that which occurs under pure opening 
mode deformation. As the experimental work reported in later 
chapters is concerned with pure mode I conditions the mechanisms of 
mixed mode growth will not be further considered. 
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2.4.4 The influence of crack tip environment 
So far no mention has been made of the effects of environment 
on crack propagation mechanisms. Aggressive conditions are well 
known to accelerate crack growth rates. 	Fractographic evidence [41] 
indicates that environmntal conditions can significantly affect the 
propagation mechanism operative at the crack tip. 	This thesis is 
solely concerned with propagation under prevailing laboratory 
conditions of temperature and humidity. 	Traditionally such conditions 
have not been regarded as "corrosive" and are used as the reference 
conditions against which crack rates measured in more hostile 
environments are compared. However, it is known that for certain 
materials [1, 51 ] growth rates are reduced if tests are performed 
in, Vacuo. 	It is important to distinguish between accelerated 
cracking due to electrochemical removal or embrittlement of material 
at the crack tip and the mechanisms by which growth rates are 
reduced in: VGcuo. 	It is suggested that this latter effect is 
due to "rewelding" of material that has already been parted by 
purely mechanical action. 	Forrest [i] quotes results that indicate 
steel is little affected by the change from ambient conditions to 
in VQcuo testing. 	Plumbridge [511, on the other hand, draws 
attention to work that indicates water vapour has a critical effect 
on propagation mechanisms in steel. 	Traditionally ambient conditions 
have been regarded as satisfactory for crack growth studies. 
If chemical action at the crack tip was a parameter of major importance 
one would expect the growth rate to be sensitive, to the testing 
frequency, this is generally not foimd to be the case for low frequency 
testing of steels [1]. 	It is particularly significant that Q1(N) 
material has been found insensitive to frequency effects [55]. 	With 
regard to the present author's work the limitations of tests performed 
in the prevailing laboratory atmosphere are acknowledged but it was 
considered that any environmental influence in growth rates would he 
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secondary to the consequences of the complex load sequences to be 
investigated. 
2.5 Crack Growth Under Complex Load Sequences 
2.5.1. Preamble 
For large welded structures fatigue crack initiation is 
recognised to be highly accelerated due to the unavoidable 
imperfections of the welded joints. 	Thus the structure's life is 
primarily determined by the crack propagation stage of fatigue 
failure. The princip4 obstacles to predicting crack propagation 
rates and hence component lives are: 
Uncertainty concerning the location of the most critical 
crack. 
Stress analysis of the cracked region requires knowledge of 
the crack path, the mode of displacement and material effects 
arising from features such as welded joints. 
A poor understanding of load history effects. 	By this is 
meant the influence of prior loading conditions on subsequent crack 
growth rates. 
In simple situations, e.g. laboratory tests, the first two of the 
above problems can be eliminated. 	The problem of accounting for 
load history effects continues to make accurate growth rate predictions 
impossible. 	It is to the elucidation of these load interaction 
effects that the experimental work in this thesis is directed. 
The aspects of load interaction that have been experimentally 
investigated are reviewed in the following sections. 
2.5.2 The influence of static mean stress 
Empirical assessments of the influence of mean stress in 
determining the fatigue life of unnotched samples were made by Goodman, 
.1 - 
Gerber and Soderberg. 	Forrest [1] presents these essentially 
similar approaches. All three were agreed that the application 
of a tensile mean stress resulted in a reduced fatigue life. 	Forman 
et al [39] have reconsidered the matter and have used the current 
stress intensity terminology to formulate an expression -for crack 
growth rate that. embodies a mean stress intensity parameter. 
They suggest that when the maximum stress intensity of a fatigue 
cycle approaches the fracture toughness (K 0 ) of the material 
the crack, growth rate will become infinite, i.e. 
lim 	da K 
max 	Kc 9 i - 00. (2.14) 
The Forman growth rate expression, which has already been stated as 
equation 2.11 , is 
g_ 	c)m 
dN - (1_R)Kc 	
, 	 (2.11) 
(restated) 
where R is the stress intensity ratio given by 
R = K /K 	. 	, 	
Nstated)
12) mm max 
This expression was originally "validated" by comparison with 
experimental growth ratdeterminated in thin sheets of aluminium 
alloys. 	Pearson [56] investigated crack growth rates in six 
aluminium alloys and found the Forman relation to be applicable only 




He found this expression fitted the original data of Forman et al 
-- 	- as accurately as the original expression.j He notes the sensitivity 
of both equations 2.11 and 2.15 to the incorporated value' of K c  and 
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suggests that the original proposal of Forman was found satisfactory 
as a result of the very high K values associated with his thin 
sheet material. 	Confirmation of the general trend of crack growth 
acceleration with increasing mean stress in aluminium alloys has been 
forthcoming from several other workers [38, 57, 58, 591. 
The effect of mean stress on crack propagation in steels is 
not so readily generalised. Early work by Frost [60] indicated 
that steels were relatively insensitive to the applied mean stress. 
In contrast there is the work of Evans et al [61] who found their 
data for the effect of mean stress in rail steels was well fitted by 
the original Forman expression. 	Fedderson et al [62] have detected 
a small mean stress effect in D6AC steel tested in dry air. 
Dover and Hibberd [40] have found 7mm thick plates of Qi (N) are 
sensitive to increasing stress ratios under random loading conditions. 
The physical explanation of the way in which the static mean 
stress influences crack growth rates is not complete. 	Considerable 
attention has been given to the concept of crack closure. 	Rice [22] 
has shown that fracture mechanics does not predict physical closure 
under zero to tension loading. Experimental evidence presented by 
Elber [63] indicates that closure does in fact occur under these 
conditions. 	This viewpoint is supported by Sih and Wèi [64] who have 
used both strain gauge and electro-potential techniques to detect 
physical closure. 	It is argued that crack closure eliminates the 
crack tip stress singularity and thus reduces the effective dynamic 
stress intensity range with a consequent reduction in the crack 
growth rate. 	Elber [65] developed an expression for the effective 
stress intensity range that was based on measurements of macro-closure 
effects. 	Sih and Wei considered it unrealistic to relate crack'tip 
conditions to the measurable gross closure effects. Despite its 
empirical nature Elber's approach is important in that it attempts 
to predict the quantitative influence of a crack growth retardation 
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mechanism. 	A quantitative statement of Elber's model is presented 
in section 2.7.7. 
An alternative view of the mean stress effect is presented by 
Ritchie and Knott [66] who investigated crack propagation in EN30A 
steel. 	Different heat treatments were used to produce two batches 
of material having the same yield strength but in one case the alloy 
was "brittle" at the test temperature, in the other case it was 
unembrittled. 	The rate of crack propagation in the embrittled material 
was found to be accelerated by the application of a tensile mean 
stress ;  in the unembrittled state the crack growth rate was insensitive 
to this parameter. 	"Brittle" fracture facets were observed on the 
surface of the sensitive material, these were absent from the fracture 
surfaces of unembrittled material. 	The conclusion was that these 
"monotonic fracture mcdes" were responsible for the mean stress 
sensitivity of the embrittled steel. Knott [67] goes further in 
suggesting that similar, but less pronounced effects, could account 
for the observed mean stress sensitivity of other steels. 	Unlike 
crack closure this model cannot readily be treated quantitatively; 
none the less the concept of alternative failure mechanisms is 
important. 
2.5.3 The effect of changes in mean stress 
The above section has considered the influence of a steady mean 
stress applied to a crack propagating under constant dynamic stress 
conditions. 	Clearly an appreciation of the influence of a change in 
mean stress is required if load history effects are to be understood. 
Discontiiiuous changes in mean stress are particularly apparent in 
"block loading" tests, in random tests the effect exists but is 
obscured by the irregularity of the load sequence. 	Dowling [68] has 
considered possible analyses of service load records with a view to 
performing a damage summation. He considers load sequences on a 
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cycle by cycle basis. 	Under these conditions the mean stress is 
seen to be constantly changing and may therefore be significant in 
influencing the overall damage rate. 
Very few studies have been made of the effect of changes in 
mean stress in isolation from other loading parameters. Many 
studies of block loading and dynamic overloads have involved changes 
in the applied mean stress levels but not independently of the other 
variables. The author is only aware of two studies that have 
isolated mean stress changes from other effects. 	Both utilized 
type 2024 aluminium alloy. Dowling [68] used the load, sequence 
shown in Figure 2.7. 	The overall crack rate was reduced as 
increased. NcMillan and Pelloux [46] used similar block loading 
sequences for their fractographic study of the same alloy. They 
interpreted their fractographs to show that crack extension occurred 
only on the tension stroke of the load cycle, showing hàw exaggerated 
growth resulted from the first cycle after an increase in mean stress 
had occurred. They also demonstrated that crack growth under constant 
dynamic load conditions temporarily ceased if a sufficient mean stress 
reduction occurred. 
The very limited number of practical investigations of crack 
propagation following changes in mean stress is surprising. 	Steels 
in particular have been completely ignored. 	In contrast the effect 
of dynamic overloads on subsequent crack growth rates has been 
extensively resrched. 	In many senses dynamic overloads and changes 
in mean stress can be regarded as having a similar influence on crack 
tip processes. Thus the concepts invoked to explain the influence 
of overload conditions.may also be applied to sequences involving 
changes of mean stress. 	The sections that follow review experimental 
studies of dynamic overload sequences. 
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2.5.4 Crack growth retardation following tensile overload 
Figure 2.8 shows the most commonly investigated overload sequences. 
Referring to the figure it is seen that type (a) and (b) sequences 
only involve a change of the dynamic stress intensity range wlülst 
types (c) and (d) alsoinvolvea change of mean stress during the 
overload period. 	Type (c) sequences, involving a single overload 
cycle have received the most attention. 	Experimental techniques 
have varied considerably, some workers have applied an overload 
sequence only once in a sample's life, others have favoured periodic 
repetition of the basic low-high-low sequence. 	Most of the published 
work has been performed on aluminium alloys, steels have received 
less attention. 
Consider first the crack propagation occurring under the low 
dynamic stress intensity conditions after a type (c) overload. 
Experimental observations indicate that overloads below a critical 
value do not affect subsequent propagation [ 69]. 	For the titanium 
alloy investigated, a type (c) sequence was employed and the critical 
overload values lay between 120 and 150% ofKL. Uigher tensile 
overloads result in subsequent crack growth retardation [69, 70, 71, 
72] and in extreme cases crack arrest [72]. 	Figure 2.9 shows two 
reported retardation effects, curve I represents the 'brack length/no. 
of cycles 0  record in the absence of overload conditions. 	Curve II 
shows a minimum growth rate immediately following removal of the 
overload-as reported by [52, 70, .73, 741. Curve III shows "delayed 
retardation" as reported by [73, 75, 76]. 	For 7075-T6511 aluminium 
alloy Corbly and Packman [75] reported delays of about 100 cycles 
before the minimum growth rate occurred. 
A number of mechanisms have been advanced to account for the 
observed retardation effects of overload cycles. 	These have been 
discussed by Schijve [77] and Jones [ 69]. 	Extensive consideration 
has been given to the concept of crack closure. Fracture mechanics 
indicates that a tensile overload results in an extension of the crack 
tip plastic zone. 	On returning to the low stress conditions this 
non-equilibrium zone causes a compressive stress to be superimposed 
on the crack tip region. For purely dynamic overloads fracture 
mechanics do not predict crack closure, however Elber's work [63, 651 
suggests that macro-closure occurs more readily. Furthermore the 
compressive stress field resulting from a tensile overload 
favours localised crack tip closure. 	Elber considers that the 
maximum compressive stress occurs at a point ahead of the crack's 
position at the moment that the overload is removed. The minimum 
crack growth rate therefore occurs after the crack has extended into 
the overload plastic zone. Thus the observed phenomenon of delayed 
retardation may be explained. 	Plastic zone interaction effects, 
similar to that detailed above, have been adopted by other workers as 
the basis of quantitative retardation expressions. 	The expressions 
which are presented in sections 2.7.5and 2.7.6, areempirical in 
nature and therefore are not associated with a specific growth delay 
mechanism. 	It is nonethe less clear that the crack tip stress 
conditions existing after the application of an overload sequence are 
principally responsible for the observed growth retardation. 
An alternative retardation mechanism involves the concept of 
"plastic blunting" of the crack tip. A crack extension mechanism 
such as that proposed by Laird [44] or Schijve [45] is considered. 
The crack tip is opened and "blunted", on the tensile stroke and 
resharpened on the compressive stroke. Growth retardation by "blunting" 
is suggested to occur as a result of the tensile stroke of an overload 
sequence. 	The growth rate would be minimised immediately after the 
overload condition was removed. Such a mechanism would be consistent 
with the instantaneous retardation of curve II in Figure 2.9. 
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Jones [69] has considered the poss:fbility of growth retardation 
being due to strain hardening in Ti-6%Al--4%V alloy. By determining 
crack growth rates in samples subjected. to different levels of pre-
strain he discounts strain hardening as the cause of retardation. 
An interesting complication of the retardation behaviour is the 
occurrnce of accelerated crack growth immediately following an 
overload. 	Schijve [71] has observed this effect in type 2024-T3 
aluminium alloy subjected to a type (b) sequence, (Figure 2.8). He 
suggesth that a complex crack tip stress field is created in which 
the tensile and compressive phases of the overload create opposed 
stress fields. 	Figure 2.10 shows how the overall crack growth 
pattern is thought to be related to the crack tip stress condition. 
Accelerated growth has not been observed following type (c) overload 
conditions, this is consistent with the proposed mechanism as no 
zone of tensile residual stress would exist after this load sequence. 
2.5.5 Application of multiple overloads 
A further important aspect of crack growth retardation concerns 
the number of overload peaks (n il) applied. 	There are three 
approaches to investigating this parameter. 	Figure 2.11 distinguishes 
the three retardation parameters that are used. The minimum gradient 
of the growth curve represents the point of maximum retardation. The 
interval flg represents the gross delay after the removal of the 
overload condition. The interval n represents the net delay to 
crack extension when the damage due to the overload is considered. 
The existence of these different approaches complicates comparisons 
of results from different sources. 	Corbly and Packman [75] investigated 
the effect of multiple overloads on 7075-T6511 aluminium alloy.using 
a type (c) load regime. 	They investigated both the initial and the 
minimum growth rates after the overload by measuring striation spacing3. 
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Their results are summarised in Figure 2.12. 	It can be seen that 
retardation increases with the number of overload cycles applied. 
Hudson and Raju [74] used the same materials for their study but 
presented the retardation in terms of the net delay n,(Figure 2.11). 
The delay was found to increase with the number of overload cycles applied 
for values of n below 20. Above this value the measured delay 
was relatively constant; this is supported by the observations of 
Corbly and Packman. Porter [78] applied repeated overloads to 7075-T6 
aluminium and to a Ti-6%Al alloy. He varied the number of overload. 
cycles (n11) whilst maintaining the interval between overload blocks 
constant at 50 cycles. 	Single overload cycles resulted in the 
greatest net delay in crack growth. Clearly the propagation 
resulting from the overload cycles had a very significant effect on 
the overall average growth rate. For both materials sequences of 
more than 15 overload cycles resulted in the average growth rate 
exceeding the rate prevailing in the absence of any overload effects. 
Porter's results for 7075-T6 aluminium are shown in Figure 2.13. 
Similar work was done by Rice and Stephens [76] on 12 	steel. 
They used single overload cycles but varied the interval between 
repetitions from 1000 to 2000 cycles. 	Overloads equal to 	120, 
150, 175 and 20010f. of AKL were employed in a type (c) sequence. 
Crack growth retardation was observed for all these overload conditions. 
2.5.6 Propagation during overload phase 
Complete consideration of a tensile overload involves 
determination of the crack propagation rate at the high stress level. 
Some of the above mentioned workers have considered this implicitly 
by reporting net delay periods. As only a few overload cycles are 
applied growth rate determinations are usually performed by striation 
interval measurements. NcMillan and Pelloux [46] used this technique 
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in their work on aluminium. They found the first overload cycle 
resulted in exaggerated growth which rapidly stabilised to the 
expected "equilibrium"rate. This finding is supported by other 
workers [52,76] who investigated the effect of type (c) overloads 
on steel. 	Trebules et al [79] found the overload growth rate could 
be "accelerated" for up to 350 cycles. 	These investigations involved 
mean stress changes, the situation isless clear if purely dynamic 
overloads are considered. 	The results of Koterazawa et al [52] 
indicate that in the absence of mean stress changes the overload 
cycles result in initially accelerated growth rate which rapidly 
decreases to the "equilibrium" rate. 	Thus,under these conditions, 
the net damage resulting from the overload will be little influenced 
by accelerated growth rates at the high stress level; retardation 
effects that follow the overload are expected to dominate the overall 
damage rate. However, if specimen life or component life considerations 
are involved then it is important to realise that the application 
of an overload to a cracked structure may result in immediate static 
failure in situations where continued support of the low load level 
was possible. 
2.57 Compressive overloads and accelerated growth 
Discussion so far has only considered tensile overloads. 	Figure 
2.8(d) shows a compressive sequence that has been investigated by Rice 
and Stephens [76]. 	They found a single compressive cycle could 
reduce their specimen life by .up to 23%. 	Further insight into the 
effect of compressive overloads has been gained by consideration of 
the two "purely dynamic overload routines, Figure 2,8(a) and (b). It is 
found that the reversal of sequence has a significant effect on crack 
growth rate. 	Porter [78], Schijve [80] and McNillan and Hertzberg 
[41] have all observed the effect. 	Porter showed that both sequences 
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resulted in retardation relative to the no overload condition. 	The 
type (a) sequence resulted in significantly greater retardation. 
NcMillan and Hertzberg found that the damage due to the overload 
cycle was approximately the same for both load sequences but that 
propagation was initially accelerated after the type (b) sequence. 
Schijve considered more complex load sequences in which the overloads 
were of either type (a) or type (b); as with the other workers type 
(b) was found to result in a significantly shorter specimen life. 
In the case of the type (d) overload,wlüch imposesan entirely compressive 
cycle, it is considered that tensile residual stresses are created 
which increase the effective stress intensity of subsequent cycles. 
Crack growth acceleration therefore occurs. For the purely dynamic 
overloads it is considered that the two halves of the cycle have a 
self cancelling effect so that both retardation and acceleration 
effects are reduced. 	Figure 2.10 shows Schijve's suggestion for the 
crack tip stress condition after a type (b) overload. 	The effect 
of the compressive half cycle is thought to be reduced as a result 
of crack closure effects. 	Thus for both type (a) and type (b) 
sequences the residual effect. of the tensile half cycle dominates the 
crack tip stress condition sufficiently to cause growth retardation 
in both cases. 
Clearly the details of crack growth during and after dynamic 
overloads are extremely complex. 	Currently a considerable qualitative 
understanding of the princip q~,'~'e effects exists. Quantitative predictions 
remain very inadequate. The aim of quantitative theories is to 
predict crack growth rates under service load conditions, therefore, 
before considerq - the quantitative cumulative damage models some of 
the experimental observationsconcerning more complex load sequences 
will be reviewed. 
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2.6 Crack Growth Under Programmed Loading Conditions 
2.6.1 Preamble 
Consideration has so far been limited to the influence of 
individual loading parameters and crack growth rates have been 
considered on a cycle by cycle basis. Of more practical importance 
are the growth rates associated with service load conditions. 
A great deal of attention has been given to propagation rates under 
simulated service load sequences with a view to: 
identification of particularly damaging aspects of service 
load spectra ; 
evolution of suitable test sequences which hopefully should 
by simplerand less time consuming than full service load simulations; 
identification of shortcomings in existing laboratory test 
routines. 
The majority of the investigations have been associated with the 
aerospace industry and therefore aluminium alloys have been the 
principmaterials used. A most comprehensive survey of results 
has been presented by Schijve [77]. 	The majority of load regimes 
investigated can be placed in one of the following catagories. 
Full service load simulations. 
"Spectrum" loading based on service load data. 
Block loading sequences based on service load data. 
The difference between these catagories is clear from Figure 2.14. 
Full service load simulations provide the "base line" data against 
which damage occurring under simplified load sequences is compared. 
Schijve [77] quotes his own work to show that the degree to which the 
service load is tru 	simulated can have a considerable effect on 
specimen life. Jacoby [81] also draws attention to the significant 
difference in damage rates that results from small changes in the 
applied service load simulation. 	In general attempts to simplify or 
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shorten the test sequence result in conservative life predictions 
when compared with a full cycle by cycle service load simulation. 
ilowever, interest in simplified and accelerated tests stems from their 
practical and economic advantages. 
2.6.2 Service and spectrum loading 
Random or spectrum loading sequences have been extensively 
investigated. 	In many cases these represent an accurate service 
load simulation though in others a considerable simplification is 
involved. Published results indicate that crack growth rates are 
sensitive to the manner in which the load sequence is generated. 
umann [82] showed that in 7075-T6 aluminium the specimen life 
increased in the following order. 
Random sequence of complete load cycles. 
Random sequence of half cycles, alternatively positive and 
negative. 
Random sequence of half cycles, no restrictions. 
Furthermore the effect of band width is not entirely clear. The results of 
Hhliberry [83] using 2024-T3 aluminium and Bussa [84] using a low 
carbon steel indicate- that specimen life is reduced under wider band 
loading spectra. However such variations in loading conditions 
necessarily involve a hypothesis for damage summation. Hoddinott 
[85] has shom that randomisation of a narrow band sequence does 
not reduce the fatigue life of mild steel. 
Work by Jacoby [86], Schijve [87] and others has indicated that 
overloads in complex loading sequences have qualitatively the same 
influence on specimen life as during the simplified sequences previously. 
discussed. 	Briefly: tensile overloads increase life, compressive 
overloads reduce life. 	This straight forward extension of simple 
test results has been brought into question by the work of Watson et al [88] 
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who have investigated overloads applied uhder conditions of strain 
control. 	They found a reduction in the life of their mild steel 
specimens resulted when purely dynamic overloads were included in 
a full service load simulation. 	They reported that both crack 
initiation and, to a lesser extent, crack propagation were 
accelerated by the inclusion of overload cycles. 
2.6.3 Block loading 
Block loading sequences offer a simple and cheap approach to 
complex load fatigue tests. 	The method of evolving a block load 
regime, as originally described by Gassner [89], is shown in Figure 
2.15. 	The load levels are determined from the service load history 
in the manner shown, no such process is available to determine the 
sequence of block application. 	The test sequence is known to 
have a potentially significant influence on the rate of crack growth. 
Schijve [80] has reported an extensive series of tests on precracked 
sheets of 2024-T3 aluminium. 	A pronounced effect of both load 
sequence and block length was observed. His results are summarised 
in Figure 2.16. 	Barsom [90] applied similar load sequences to 
ASTM A514-B steel and found that the growth rates were sequence 
independent when analysed on the basis of LK 3 . 	Barsom used 
"smoothed" load sequences that resulted in fewer load discontinuities 
than occur in traditional block tests of the type used by Schijve. 
Hardrath et al [91,92] have also investigated the way in which block 
order influences crack growth rates. The sequences employed are 
shown in Figure 2.16b, for both alloys tested the specimen life 
increased in the order: 
low-high, "irregular", low-high-low, high-low. 
These results are shown in Figure 2.17. 
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Steels have been subjected to simi]Tar tests by Kawamoto et al 
[93] and Tedford et al [94], both groups report no significant 
sensitivity to sequence effects. 	Tedford considered two further 
points. He modelled the same service load spectrum with 4,8 and 
16 level block regimes. 	Specimen lives determined under 8 and 16 
level tests were equal, the 4 level test resulted in a longer life. 
This supports the original proposLiOn of Gassner [89] that 
considered eight-levels to be sufficient. 	Truncation effects were 
considered, for both extremes of the load spectrum. 	The lowest 
three load levels in the 8 block program were found to have,no effect 
on specimen life, thus a considerable time saving could be effected 
by using only the highest levels for certain tests. This would not 
seem to be a general conclusion as the authors quote conflicting 
references for and.against the importance of low load cycles. 
In contrast truncation of high loads was found to have a critical 
influence on specimen life. 	Inclusion of 1 cycle in 2000 was found 
to be significant at the highest loads. 
Clearly block load tests must be fully researched before being 
applied to any given problem. 	Steels would appear to be less 
sensitive to the influences of sequence but care is required to model 
the load spectrum accurately, particularly at the highest load levels. 
More generally the last three sections demonstrate the extreme 
complexity of predicting crack growth rates, or component lives in 
any multi-load level test. 	The final section of this review considers 




2.7 Quantitative Cumulative Damage Predictions 
2.7.1 The Palmgren-Niner rule 
This1 the most simple and most obvious of cumulative damage 
predictions, was independently evolved by several workers prior 
to 1945. 	The concept first proposed by Palingren [95] and 
independently restated by Miner [96] is simply summarised as follows. 
Under constant dynamic loading conditions n cyôles applied will 
consume a fraction of the components total fatigue life given by 
n1/N1 where N i is the life to failure under the imposed conditions. 
Undr complex loading conditions failure occurs when the sum of 
these fractions is equal to unity. 
n. 
i.e. Lf =1 
3. 
(2.16) 
This rule is also referred to as the "linear damage rule" as a 
consequence of Miner's assumption that the damage occurring in a 
constant amplitude test is linearly dependent on the number of cycles 
applied. 	This aspect was originally disputed [97] though Schijve [ 98] 
has subsequently argued that linear damage is implicit in the proposed 
summation of equation 2.16. 	The principzf weaknesses of the proposed 
analysis are: 
No distinction is made between crack initiation and crack 
propagation. The rate of damage is assumed to be unaffected 
by the change in growth mode. 
Failure is considered to occur at the same damage "level" 
or crack length irrespective of the applied load. 
No load interaction effects are accounted for. 
Not withstanding these limitations the Palmgren-Miner rule has been 
extensively used principally as a consequence of its simplicity. 
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Attempts have been made to mitigate some of the above deficIencies 
notably by separate consideration of crack initiation and crack 
propagation. 
2.7.2 The damage summation of Corten and Dolan 
Corten and Dolan [99] evolved a similar approach to that of 
Palmgren and Miner the principó differences being: 
Distinction between crack nucleation and propagation. 
Recognition of the non-linearity of the rate of crack. 
advance per cycle during a specimen's life. 
The number of cycles required to nucleate a crack was defined by a 
complicated expression that required experimental determination of 
several constants. Subsequent propagation of the crack was 
assumed to occur on a cycle by cycle basis, but account was taken 
of the increased rate of propagation at high crack lengths. The 
difference between the Palmgren-Miner and Corten-Dolan summations is 
shown in Figure 2.18. 	The Corten-Dolan method of prediction suffers 
from complexity which makes it unsuitable as a design tool and, like 
the suggestion of Palmgren and Miner, it is unable to account for load 
sequence effects. A simplified two stage damage summation has been 
considered by Manson et al [100]. 
2.7.3 The double linear damage rule of Manson et al 
Manson et al [100] have formulated an empirical expression 
for assessing the damage occurring during a simple two load level 
test. 	The load sequence considered is shown in Figure 2.19(a); the 
order of application of no and no may be reversed. The period 
of crack initiation is empirically distinguished from crack propagation. 
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Damage occurring in these two phases is uirnned separately on a linear 
basis. 	The conditions are given in Figure 2.19(. The proponents of 
this summation found that their technique gave equal or better life 
predictions than the original.Palmgren-Niner rule for the simple load 
sequences considered. Figure 2 .19(a) compares the two approaches. It 
is seen that for a high/low load sequence the Manson model predicts a 
longer life at the second stress level. 	This, and the reverse effect 
for low/high sequences, is in keeping with experimental observation.. 
There is no reason why this model should not be extended to deal 
with multi-level tests, its accuracy under such conditions is untested. 
The principa drawbacks of the law are its assumption of linear 
damage and its inability to deal fully with load interaction effects. 
The complexity of the required summation is sufficient to prevent its 
adoption as a design "tool" until it is shom to have a general 
superiority to the Palmgren-Miner rule. 
2.7.4 The linear cumulative growth approach 
This approach to damage analysis is an obvious combination of 
the Palmgren-Miner rule with more modern, fracture mechanics crack 
growth considerations. 	Engle [ioi] has evolved a computer program 
for linear growth summations, however the approach has been independently 
adopted by many workers including the present author. The basic 
precepts of the technique are: 
Crack nucleation is not considered. 
Propagation is considered on a cycle by cycle basis to be 
a function of stress intensity or a similar parameter. 
da 
e.g. 	= f(K) 	 (2.17)dN 
Data is obtained from equilibrium growth rate measurements. 
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9 -1• 1 
The crack length 	simple summation of the damage 
accruing in each load cycle i.e. 
a = a0 +Ef(K) 
A specimen failure condition is not included, it could 
however be written in, if life predictions were required. 
This approach considers crack propagation only and therefore 
represents a simplification of the previously reviewed "life" 
predictions. 	The potential advantages of a cycle by cycle 
(2.18) 
incremental 'law are apparent, the principqlimitation is an inability 
to deal with load interaction effects which result in propagation 
rates differing significantly from the predicted steady state rates. 
2.7.5 The Wheeler growth retardation model 
Three models will now be considered that attempt to treat 
load interaction effects. They are all specifically concerned with 
the retardation effects which are observed to result from the application 
of tensile overloads. The models are all developments of the 
cumulative linear growth approach, each tries to account for growth 
retardation by manipulation of the basic growth rate expression 
which was given as equation 2.10. 
• Wheeler [102] proposes the incorporation of a retardation 
parameter in the"stress intensity/growth rate"expression. He 
modifies the expression 
da 




= CrC(LK)m (2.19) 
-51- 
where C r is the retardation parameter which may take values between 
zero and unity. Wheeler suggests retarded growth is due to plastic zone 
interaction effects. 	He proposes that retardation occurs so long 
as the equilibrium crack tip plastic zone is "inside" the greatest 
prior plastic zone. 	This is shown schematically in Figure 2.20(a); 
the zone shapes are, of course, not true physical representations. 







inis a shaping exponent that has to be determined by experiment. 
Typical values of the retardation parameter are shown in Figure 
2.20(b). From equation 2.20 and Figure 2.20(b) the crack growth rate 
isen to be a minimum immediately following the overload. 
2.7.6 The FDL model 
Willenborg et al [103], working at the US Air Force Flight 
Dynamics Laboratory (FDL), have proposed a model similar to that of 
Wheeler. 	They too calculate the plastic zone size resulting from 
the overload conditions and like Wheeler suggest that growth is 
retarded until the equilibrium zone "touches" the overload zone. 
Figure 2.21 (p.) shows the situation in which some crack propagation 
has occurred at the low load (OL) conditions since the overload 
(OH) ceased. Willenborg et al evaluate the equivalent overload 
() at each crack length that would result in the same separation 
of the plastic zone boundaries. They postulate that both maximum 




a = a' - a ) : 	 ( 2.21 ) r 'H 	L 
Hence the effective maximum and minimum stress levels are given by: 
(a) 	1
"
1a • 	- a ) eff 	L 1max 	r 
(a 	\ 
min'eff = Lmin - a) 
Negative "effective" values are set to zero and an "equivalent" 





The retardation predicted by this model is dependent on the exponent 
m used in equation 2.10. Figure 2.21Q shows the general form of 
the prediction; complete crack arrest is seen to occur if a H > 2 cYL 
and like the Wheeler model maximum retardation occurs immediately 
after the overload is removed. 
2.7.7 The Elber crack closure model 
The concept of crack closure advanced by Elber [63,65] has 
already been discussed in Sections 25.2 and 2.5,4. 	The importance 
of the model is that unlike those in the two previous sections it 
does not necessarily predict maximum retardation immediately after 
the overload condition. 	Elber proposed 
= CK ff) = C(UK)m 	 (2.25) 
where U is given by 
K —K max 	op 
U=K —K . 	 (2.26) max mm 
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K0 is the stress intensity required to "open" the crack tip. 
Elber argues that the crack tip stress singularity is eliminated 
by crack closure, thus damage only occurs for that part of the load 
cycle for which the crack is open. From his experimental work on 
2024-T3 aluminium ETher proposes 
U= (0.5 + 0..4R) where 0.1<R<0.,7 	 (2.27) 
Using this expression Elber successfully accounted for growth rates 
in 2024-T3 aluminium alloy under variable amplitude loading conditions. 
Sih and Wei [64] have also measured loading conditions under which 
macro-closure effects were detectable. 	They conclude that the 
closure expression proposed by ETher (equation 2.27) should not be 
regarded as generally applicable. 
The attractiveness of the crack closure model is apparent from 
the frequency with which it is invoked to provide a qualitative 
explanation of growth retardation. A satisfactory quantitative 
model will require a great deal of further development. 
2.7.8 Damage predictions - "the state of the art" 
The last three damage summation techniques considered have all 
been developed specifically to deal with the occurrQnce of crack 
growth retardation following tensile overload conditions. 	Even 
given this limitation they are unsatisfactory for the following 
reasons. 
No change in delay is predicted for multiple overloads 
as compared with single overload cycles. 
Small overloads are experimentally observed to result in no 
measurable delay, the models predict some delay for all overload 
levels. 
-54- 
3) Delayed retardation, observed inpracice, is not accounted 
for by theJeler and FDL models. 
From a more general standpoint these damage summations have not been 
developed to deal with the more complex loading conditions that a 
component is subjected to in service. 	Thus while the Wheeler, 
FDL and Elber models are of interest to the research worker their 
more general application to design is not possible. 	In practice 
the designer is left with variations of the Palmgren—Miner rule 
as the only numerical means of assessing cumulative damage behaviour. 
This restriction is clearly unsatisfactory as the linear damage 
rule is known to be grossly inaccurate. 	Schijve [77] has attempted 
to set out the logical and safe way to go about predicting component 
lives. 	He considers extensive test programmes are necessarr to 
provide guide lines for designers. 	The aim is at all times to design 
on the basis of "interpolation" between known results rather than 
risk "extrapolation" to untested conditions. Numerical cumulative 





Crack tip - 
Figure 2.1 Coordinate system for description of crack tip 
stress field. 
	
Mode I 	 Mode II 	 Mode III 
"Opening" "Shear" "Anti—plane Shear" 
Arrows indicate the direction of load application. 





Crack tip 	 . 0 X 





b and c) Modification to linear elastic solution for a, required 
• to accommodate crack tip yielding. 
b) Plane stress, • c) Plane strain. 
Figure 2.3 Linear elastic and elastic-plastic crack tip stress 
solutions. Schematic only.. 
0• 
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strain yield zone 
stress yield zone 
crack 	
x'tip 
b) plane strain c) plane stress 
Figure 2.4 Crack tip plastic zone configurations. 
Circular approximation proposed by Irwin [21]. 
This is found to be similar to the actual mode III yield 
boundary. 	 - 
b and c) Yield boundaries calculated by McClintock and Irwin [23] 
for Mode I deformation. 






a) Nonotonic tension\ 
rew 




c) Net effect of load reversal 
Figure 2.5 Crack tip plastic zone formation under conditions of 
load reversal. (Mter Rice [22]). 
a) Monotonic yielding under tensile conditions. 
b)Reversed yielding in compression, yield occurs at 
c) Superposition of (a) and (b). Shows plastic zone 









Number of cycles (N) 
Figure 2.6 Stress intensity parameters for a constant 
load, amplitude test. 





- 	 Number of cycles (N) 
Figure 2.7 Load sequence employed by Dowling [68] to 













Figure 2.8 Four dynamic overload sequences that have been 
experimentally investigated. 
Purely dynamic overload, negative start. 
Purely dynamic overload, positive start, 
Combined dynamic and static overload, tensile. 





Number of cycles (N) 
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Figure 2.9 Schematic crack growth records for different overload 
conditions (After Schijve [771) 	 . 
No overload conditions. 
Combined, dynamic and static overload, as per Figure 2.8(c). 
Purely dynamic overload, as per Figure 2.8(b). 
Crack 	
L Plastic zone 	length delayed - - 	 - a/retardation. 
	




Number of cycles (N) 
stress
. 	. 	 . 
Figure 2.10 A suggested mechanism for accelerated growth following 
a .dynamic.overload. Overload sequence (b), Figure 2.8. 





min growth rate 
• 	
ñ 	3' 	 Q overload starts 
/ X overload ends 
	
Figure 2.11 	Different parameters for quantifying overload induced 
delays. 	flg  = gross delay after overload. 
flu. = net delay to overall crack growth. 
: 	
° 1: 
.2 	 0 Initial retardation 
GNaximum retardation 
0.O 2 	5 	ito 	 o 	ik 
Number of overload cycles applied 
Figure 2.12 Crack growth retardation reported by Corbley and Packman 
[75] for type 7075-T651 1 aluminium. Growth retardation 
as a function of number of overload cycles applied.Type (c) 
overload, Figure 2.8. 
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No of load spectra 
a) Crack growth rate results. One spectrum = 




68.9 N1 2 m 
= 103.4MITm 2 
H  
Number of Cycles 
b) Load spectrum 
Figure 2.13 The influence of multiple overloads on the crack 






Typical aircraft flight load simulation including 
ground-air-ground cycles. Gust sequences, flight 
duration,etc. may be randomised or repeated. 
Load Broad Band 	 Narrow Band 
VI 
Time 
Alternative spectrum loading sequences having identical 
load/frequency distributions. 
Load. 	Regular Sequence 	Irregular Sequence 
Time 
Block load routines. The regularity of the load 
sequence may be varied. 
Figure 2.14 Distinction be -Leen the principa types of loading 





• 	 • Number of load exceedings 
Figure 2.15 Formulation of a typical"Gassner" block load sequence 
• 	from service load data. The truncated part of the 




40 cycles - 
per block 	 - 
40,000 
cycles per  
bloc 	
1 - 	2 	3 	4 
Specimen life x1O6cycle 
a) Specimen life determinations using 7 level load sequences. 
Load 	 Load 	 Load 
Time 	 Time 	 Time 
"low-high" 	 "low-high-low" 	"high-low" 
• b) Convention for description of block load sequences. 
•Top: 4 level test sequence; middle: symbolic notation; 
bottom: verbal description. 
Figure 2.16 The influence of block length and load sequence on 
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7075 Al alloy 
0.6 / 	. g).2024  Al alloy 
-0 
0.4 	I 	 1 
low-high 	high-low 
Irregular 
- 	 low-high-low - 	 - Sequence 
- 	 Load sequences as per Figure 2.16(b) 
Figure 2.17 Influence of block load sequence on specimen life for 
-two aluminium alloys under tensile mean stress conditions. 
(From Hardrath et al [91 ,92]). 
stress levels 
_____ Failure 












Number of cycles (N) 
a) Palmgren-Niner linear damage summation for 
two stress leveltest. 
.1 
Fatigue 
damage as per 
cent of crack 
propagation 
life 
Number of cycles (N) 
b) Non-linear damage summation of Corten and Dolan 
for a two stress level test. Intervals for crack 
nucleation are separately evaluated and added to 
the propagation life. 
• Figure 2.18 The Palmgren-Miner [95,96] and Corten and Dolan [99] 






Load < 	 n to failure 
Im jJ, A01j 
Load sequence 
1001  
% life remaining Aaj  
a) Life Predictions: 	- Double linear damage law, nucleation 
• • 	 separately evaluated. 
	
- 	Palmgren-Miner rule, nucleation and 
propagation not considered separately.  
• b) EmpiricalConditions 	•: 	 • 	 • 
For initiation)- = 1 
L-..fl 0 	 • 
if n >730 cycles no = 
	- 14n° 




if n>73O cycles 
"L<730 cycles 
Figure 2.19 Comparison of Palnigren-Niner rule with double linear 
damage law of Manson et al [100] for a simple two 
level load sequence. 
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p ________ 
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crack 	 crack 
Plastic zone 




= CC(LK)m 	. 	 Cr = :;: _a ' 
Evaluation of retardation parameter by considering plastic 
zone sizes and positions. 	The outer zone is created by the 








0 	.2 .4 	.6 	.8 	1.0 . 
Stress ratio 
Retardation predicted for two different values of m. 
For D-6AC steel m was evaluated as 1.3. w 
Figure 2.20 Wheeler [102] crack growth retardation model. 
a) 	-  
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L zones_— 	- - 
b) 
Physical condition for which retardation is to be evaluated. 
Some crack growth has occurred since the overload condition 
was removed. The equilibriim plastic zone at 07L is contained 
by the overload 	plastic zone. 
The FDL model calculates the value of o whose application would 
produce the same separation of the plastic zone boundaries. 
da 





I 	J 0. 	.2 	.4 . 	.81.0 
Stress ratio 
c) Predicted retardation immediately following the removal of the 
overload conditions. 	Cr from equation 2.19. 
Figure 2.21 	FDL crack growth retardation model [103]. 
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CHAPTER 3 
EERINENTAL FACILITIES AND PROCEDURES 
3.1 Material 
Q1 (N) is a nickel-chromium-molybdeniurn, low alloy, structural 
steel manufactured to British Naval specifications. 	The material 
is also commercially available as a pressure vessel grade alloy 
supplied to ASTM specification A543-65 [104]. 	The properties of 
Qi (N) are derived from a quench and temper heat treatment. 	For 
35mm plate of the type used in this work the treatment specified by 
the ASTM standard is: 
Quench by water spray or immersion from the fully austenitic 
condition, (temperature not specified). 
Temper for a minimum of 1.5 hours at a temperature in excess of 
593°C. 
Treated correctly 'the as quenched microstructure should comprise a 
minimum of 80martensite at the plate mid thickness [105]. Q1(N) 
is subjected to the following additional processes: 
The liquid metal is vacuum degassed prior to casting. 
The plates are "cross rolled" to limit mechanical anisotropy,. 
Each "as rolled" plate is subjected to a full ultrasonic inspection. 
All the material used in this work has been taken from a single 
plate held by NCRE at Rosyth. The material was manufactured by 
The Conset Iron Company Ltd., the prequench soaking temperature was 
9300C, tempering was conducted at640 °C for .1.5 hours. 	The chemical 
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composition, as determined by the manufacturers, is given in Table 
3.1; the ASTN specification is given for comparison. 	Basic 
mechanical properties have been determined by NCRE. 	Their results 
are given in Table 3.2 and Figure 3.2. 
It is seen from Table 3.1 that the molybdenum level of the plate 
is significantly below the specified level. 	This may account for 
the slightly low ultimate strength reported, as molybdenum not Only 
increases hardenability during quenching but also reduces the rate 
of softening during tempering. However, comparison of the reported 
strengths with those specified by ASTN is complicated by the different 
test piece geometries used. The results indicate a minimum of 
anisotropy in Qi though it should be noted that only two of the three 
principQdjrectjons were investigated. 	The monotonic load/extension 
and the cyclic stress/strain characteristics of the material, as 
determined by the author, are presented in Chapter 4. 	Representative 
microstructures are included in Chapter 5. 
3.2 Fatigue Test Facility 
The only fatigue test facility available to the author was a 
converted 600k.N Nohr and Frederhauf universal test frame. 	In its 
original state this equipment was hydraulically operated but was not 
equipped for fatigue loading. 	The necessary cyclic capability was 
achieved by replacement of the original low capacity hydraulic pump 
with a '52kV! unit capable of delivering 90 litres per minute at a 
pressure of 3.4r41qin 2 . 	A closed loop servo system was created by the 
installation of a Noog spool valve controlled by electronics purchased 
from RDP Ltd. 	This conversion had been planned and the necessary 
equipment purchased prior to the author's arrival in Edinburgh; the 
author was required to complete the modifications and commission the 
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various units. A general view of the test frame is shown in 
Figure 3.3, details of the hydraulic circuit are given in Figure 
3.4. 	The problems encountered on the hydraulic side were typical 
of a new installation of this type. 	Considerable attention had to 
be given to the details of pipe work, noise control and operational 
safety. 	The circuit shown in Figure 3.4 has performed satisfactorily 
for the last two years. 
The control electronics were purchased as an integrated system 
comprising: 
Signal Generator: An 8 block digital programmer which could also 
be used for simple constant amplitude tests. 
Transducer Amplifiers: 3 channel facility. 
Servo Amplifier: Compatible with the transducer amplifiers for closed 
loop drive of the Moog spool valve. 
Monitoring Equipment: Digital voltmeter, switching units, input! 
output facilities and internal calibration system. 
The control system is shown schematically in Figure 3.5. 	The 
Department did not have a load cell capable of withstanding the 
fatigue loading conditions that were to be used. 	For this reason 
the load feed-back signal for the servo amplifier was obtained from 
measurements of the oil pressure in the hydraulic actuator. This 
is the same system as that used in the original Mohr and Federhauf 
equipment. A pressure transducer was installed on the main body of 
the jack, its distance . from the Moog was minimised. 	Static 
load calibrations were performed against, the original Mohr and 
Frederhauf load display which was calibrated to -1- -- by the makers' 
agents at the start of the project. The RDP digital load readout was 
shown to be accurately linear when checked against the Mohr and 
Frederhauf display. 	Thus under static conditions an accuracy of 1 
on load valves could be assumed. 
Dynamic loading conditions highlighted the overriding problem 
of the system. The Mohr and Frederhauf actuator was only actively 
driven in one direction, no reversed load capability existed. 	The 
consequence of this was that all test sequences had to be either 
entirely compressive or entirely tensile, furthermore the jack had 
to be returned to its "zero position" under the combined influences 
of its own weight and the load borne by the sample. An uneven 
effect resulted in which the upward, "driven", stroke of the jack 
was potentially very much faster than the return stroke. Thus 
testing frequencies were not limited by the load control "loop", 
but by the slow return of the jack. 	In practice 'it was found that 
testing of the CKS sample was limited to 2Hz. 
The original design of the Nohr and Frederhauf hydraulic jack 
posed certain safety problems. 	The actuator piston had no physical 
overtravel "stop" 1  only a mechanically operated switch, linked to the 
hydraulic pump, prevented the piston from rising out of its bore. 
Under these circumstances a Noog valve malfunction could have 
resulted in a disastrous separation of the piston from the test frame. 
For this reason a 19mm (+inch) bore solenoid valve was installed 
in the hydraulic pressure lin6 to provide a second "cut off's in, 
case of emergency. 	The overall safety sequence therefore was a 
follows: 
Electronic "overtravel" detector. 	Set to limit cross 
head travel between 0 and 100mm. 	' 
Action: closed Moog valve; 
switched off hydraulic pump. 
Overtravel switch. (mechanical). Activated at crosshead 
displacements of 300mm. 	' 
Action: closed Moog valve; 
closed solenoid valve; 
switched off hydraulic pump. 
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Additional safety circuits were incorporated to close down the pump 
in the event of: 
Overheating of the hydraulic oil; 
A pipe burst condition resulting in pressure loss; 
Insufficient oil being present in the reservoir. 
The numerous malfunctions of the equipment that have been experienced 
during its three years service have been satisfactorily contained 
by the above safety circuits. 
3.3 Fatigue Sample Selection 
The factors to be considered in the selection of a fatigue sample 
could conveniently be divided into two categories.. The fundamental 
considerations were independent of the nature of the test facility 
to be used, but the factors influencing the final sample selection 
were principally influenced by the physical constraints imposed by 
the Mohr and Frederhauf test frame. 	The most important factors are 
listed below. 
Test Facility Independent 
0 It was required to measure crack propagation rates independently 
of initiation and specimen life. 
A fracture mechanics analysis for the crack tip stress 
intensity conditions was required. 
A specimen was required in which the crack would propagate 
under pure mode I opening conditions. 	It was particularly 
intended to avoid inclined fractures opening under mixed mode conditions. 
In order to maximise the rate of data collection it was 
desired to minimise the growth increment over which da/dN could be 
determined. 	The sample .was required to permit accurate crack length 
measurement, preferably by an automated device. 
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It was desired to test full thickness plate material so as 
to accommodate any variations in properties that might exist across 
the short transverse section. 
Test Facility Dependent 
The unidirectional hydraulic actuator imposed tension/ 
tension or compression/compression conditions. 	No reversed load 
capability existed. 
The sample was required to support the maximum possible 
load at high crack lengths so as to optimise the "return" force on 
the actuator. Low "return" forces would have resulted in 
impractically low test frequencies. 
The Nohr and Frederhauf tension facility was at ground level, 
the compressive facility used the upper side of the cross head 2m 
above ground level. Operator access to the compressive facility was 
therefore unsatisfactory. 
Wherever the sample was positioned good access to the crack 
was required for optical measurement of the crack length. 
io) The automated crack monitoring system' adopted influenced 
the possible sample dimensions. 
ii) Samples could not be lifted into position by crane. 
Gross weight had therefore to be limited. 
A "Compact Fracture Toughness Speimen", (cKs), was considered 
to provide the best compromise to the many requirements listed above. 
Figure 3.6 details the dimensions which were finally specified. 
Referring to the figure the thickness, B, was limited by the nominal 
plate thickness to35mm. 	It was anticipated that this thickness 
would not be sufficient to provide true "plain strain" conditions 
according to the criterion embodied in the Proposed British Standard 
on Fracture Toughness Testing [106]. 	For practical reasons it was, 
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decided that, provided a flat, "plane strain" type fracture prevailed 
during testing, this thickness limit could be accepted. Preliminary 
tests indicated that this condition was satisfied over a range of 
crack growth rates. 
Thickness apart, the CKS sample requires the specification 
of one dimension only, the remainder are related. on a proportional 
basis. The standard test piece dimensions are given in the British 
Standard Proposal [106]. 	The basic dimension is the net width, (w), 
which was fixed at 254mm (lOin). Walker and May [107] have 
published a stress intensity analysis for this sample which is 
applicable to cracks whose lengths are between a/W = 0.3 and a/W = 0.7. 
A 254mm sample therefore contains a 101mm (4in) length over which 
the crack tip stress intensity may be evaluated. 	To take maximum 
advantage of this region the machined notch was limited to 127mm (Sin). 
Fatigue precracking then extended the crack 12.7mm to the point at 
which a/W = 0.3. 	The precracking routine is separately described 
in section 3.5.2. 
An automated, ultrasonic fatigue crack growth monitor was 
developed for use with the 01(5 sample. 	The details of this device 
are given in Appendix 1. Specially designed loadIng links were 
required to accommodate the specimen and the crack monitor 
installation in the Mohr and Frederhàuf test frame. The design of 
these items is considered in the next section. 
3.4 Specimen Loading Configuration 
It is recommended that rigid one piece yokes, pinjointed to the 
specimen, be used for fracture toughness testing of CKS samples 
[106]. 	In this work the large specimen size and the "head room" 
required by the crack monitor installation precluded the fabrication 
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of one piece yokes. 	A double pinjointed configuration was adopted 
both above and below the specimen. 	This system had the advantages 
of easy fabrication, flexibility for assembly and dismantling, and 
easy specimen alignment during testing. 	The details of the link 
system are shown in Figure 3.7. 	The individual components were 
machined in the departmental workshop from mild steel plate supplied 
by NCRE. 	The four "pins" were commercially case hardened to increase 
their' wear resistance. 	The whole loading system was required to 
survive severe fatigue conditions, an attempt was therefore made at 
the design stage to limit nominal stresses to 77 MNm 2 ( 5t.s.i) at 
machine loads of 400 k1 (40 tons ). 	The dimensions of the Mohr and 
Frederhauf cross head prevented the topmost member (A in Figure 3.7) 
satisfying this specification, its nominal peak stress was 168MNn( 2 
(ii t.s.i.) at the same machine load. 	In retrospect it can be 
stated that maximum fatigue loads have not exceeded the design limit 
of 400kN and that there is no apparent fatigue damage of the loading 
system after approximately 1500 hours of testing. 
Considerable care was taken to ensure the correct alignment of 
the sample relative to the loading links. 	Spherical seatings were 
provided both above and below the sample. 	The bearing surfaces 
were kept well lubricated to optimise the self aligning properties 
of the configuration. 	The alignment of samples was repeatedly 
checked during testing. 	Under fatigue loading conditions the effects 
.-of pin friction are difficult to predict. 	Pook [108] has shown that 
the effect can significantly influence the crack tip stress intensity 
for single edge notch fracture toughness samples. The author has 
performed a similar analysis for the CKS sample used in this work. 
The details are presented in Appendix II and the implications 
regarding the accuracy of the applied stress intensity are discussed in 
section 3.5.3. 
IM 
3.5 Procedure for Crack Growth Rate Determinations 
3.5.1 Specimen preparation 
CKS specimens machined to the dimensions shown in Figure 3.6 
were manufactured by NCRE. A ground surface finish had been specified 
for all faces; the as received quality showed considerable variation 
but was generally satisfactory. 	Particular attention was paid to 
the sample's top and bottom surfaces as variations in quality could 
influence the performance of the ultrasonic crack monitor. 	If 
the finish on these faces was unsatisfactory they were lightly 
surface ground. Final preparation consisted of boring and tapping 
the top surface to receive the crack monitor. 	Twenty-two, 6mm deep, 
holes were tapped to 4BA size. Also, for samples on which COD 
measurements were to be performed, provision was made to mount a 
standard 25mm Instron extensometer across the end of the notch. 
The extensometer was mounted on two small plintha, each attached to 
the sample by a pair of 6BA. bolts. 	The arrangement is shown in 
Figure 3.8. 
Provision for optical measurement of the crack length was made 
by polishing one, and in some cases both, faces of the specimen along 
the line of expected growth. This was done manually using a hand 
held electric drill fitted with a flexible rubber polishing pad. 
Progressively finer grades of "Emery" paper were used in the dry state. 
No significant specimen heating occurred. When all the markings 
produced by surface grinding at NCRE had been removed, final 
polishing was performed with diamond lapping compounds. The final 
surface finish, achieved with 1pm diamond compound, gave excellent 
visibility of the crack tip. 	The polished faces were scribed with 
reference lines using a vernier height gauge on a precision table. 
These lines, spaced at 10mm intervals, provided reference points from 
which crack lengths were measured. 
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Finally, before loading into the t&st frame,. the sample was 
checked for ultrasonic homogeneity. 	The crack monitor probe was 
•traversed through its full range whilst the ultrasonic signal was 
monitored. 	Of the 15 samples checked it was only necessary to 
reject one 20mm section of crack path on the grounds of ultrasonic 
inhomogeneity. 	On completion of the ultrasonic check the sample 
was loaded into the Nohr and Frederhauf test frame. 
3.5.2 Precracking 
The loading of a new sample provided a convenient occassion 
to check electronic calibrations in the ItDP control equipment. A 
full calibration check of the individual modules was conducted 
according to the manufacturer's instructions. 	On the whole 
stability was excellent and very little adjustment was required. 
The prepared sample with the crack monitor attached was first loaded 
into the upper support links only. 	In this condition the cross 
head was displaced and an accurate load zero set. 	The lower loading 
pin was then engaged and the sample was manually aligned in preparation 
for fatigue precracking. 
The OKS specimen dimensions were such that 12.7mm (0.5ins) of 
precrack were required before the crack tip stress intensity analysis 
was applicable. 	It was found convenient to use an overnight pre- 
cracking routine in which the load was reduced after successful 
initiation. 	The loading conditions are detailed in Table 3.3. 
The crack monitor was not active during precracking, load shedding 
was therefore not employed. The nominal stress intensity conditions 
at compl'etion were R = 66.5NNm_3l"2, nK = 26.6MNm73'2. 	The pre- 
cracking routine detailed in Table 3.3 was found to be satisfactorily 
reproducible, the crack length after 18 hours being 14mm ± 1mm. 
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3.5.3 Load control considerations 
All crack. growth tests were conducted under conditions of 
stress intensity control. 	In a CKS type specimen the crack tip 
stress intensity increases as the crack extends. 	For the sample 
used in this work the load requirement is given by[iO!J: 
K1 BW 
I (3.1) 
where the compliance function I is given by 
1/2 	 3/2 







when 	 0.3< 	0.7 	 (3.3) 
To maintain constant stress infensity conditions at the tip of a 
growing crack in such a sample requires continual reduction of the 
applied load level. 	It was considered unsatisfactory to perform 
this task manually as it would have entailed regular operator 
intervention. The ultrasonic crack monitor was therefore equipped 
with a load shedding capability which continually modified the load 
signaltoniaintain constant stress intensity conditions in accordance 
with equations 3.1. 	The means by which this was achieved is 
described in Appendix 1. 	This load shedding facility greatly 
simplified the procedure for setting test loads. 
The RDP block programmer was used to provide the load signals 
for all tests. 	Eight blocks are available, each with digital 
facilities for setting: 
The static load level. 
The dynamic load range. 
The test frequency. 
The number of cycles in each load block. 
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For constant amplitude tests the individual blocks were set 
identically and allowed to rim sequentially without causing any 
disturbance to the regularity of the load signal. 	To achieve a 
given stress intensity, load levels were set according to equation 
3.1 for a crack length of a/W = 0.3. 	Substituting the appropriate 
value of Y and the specimen dimensions the equation reduces to 
P = 3.01 x10 3.K1 	M1 
when K1 is expressed as NNm_3/2.  Having thus set the block 
programmer load signal the fatigue crack length was measured 
optically using a x8 hand held magnifier. 	The surface crack length 
could be determined to an accuracy of ± .05mm. The ultrasonic 
monitor was allowed to find its, equilibrium physical position under 
the prevailing test conditions and set according to the procedure 
given in Appendix 1. 	This process results in the application of 
the load appropriate to the crack length and the required stress 
intensity conditions. 
The actual load applied to the sample was monitored by means 
of the hydraulic actuator oil pressure. 	Readout was provided by 
a tracking digital voltmeter capable of recording dynamic maxima 
and minima. Load values were manually recorded and processed using 
The University's on-line computing facilities. 	There was initially 
some uncertainty concerning the validity of using measurements of the 
oil pressure in the hydraulic actuator to determine dynamic loading 
conditions. 	This problem was resolved by observing the COD response 
of a cracked sample as the test frequency was raised from .1Hz to 
the normal test frequency of 2Hz. The COD/load relationship remained 
linear over this range indicating that dynamic effects did not 
invalidate the assumed equivalence of pressure and load. 
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It is difficult to place accurate confidence limits on the 
measured specimen loads. 	Table 3.4 details the principaf sources 
of error, it is apparent that pin friction effects are the major 
factor to be considered. 	The overall accuracy is therefore 
principally influenced b r the operative coefficient of friction. 
As considerable care was taken to maintain good pin lubrication it 
is reasonable to suggest that the applied load lies within —4.5% + 
1% of the value read from the monitoring equipment. 
3.5.4 Measurement of crack growth rates 
All crack growth rates reported in Chapter 4 were determined 
by the ultrasonic crack monitor. The operation of this device is 
detailed in Appendix 1. A brief outline is included here for the 
sake of continuity. 
The device senses crack extension by normal ultrasonic flaw 
detection techniques. 	A mobile •probe mounted on top of the sample 
is advanced with the growing crack to maintain a constant reflected 
signal intensity. 	The probe's position is determined to a sensitivity 
of ± 12pm by a potentiometer. 	Experiment has shown that excellent 
agreement is obtained between probe advance and fatigue crack 
extension. 	Output from the position measuring potentiometer was 
recorded on a Honeywell y/t chart recorder such that 100mm of chart 
were equivalent to 1 .06mm of crack extension. 	The gradient of the 
resultant "crack extension/number of fatigue cycles" trace was 
determined and scaled to yield a crack growth rate value. Appendix 
1 should be consulted for further details of the technique; 
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3.6 Fracture Toughness Tests 
The author was advised by'NCRE that according to British 
Standard Proposals [106] valid facture toughness tests could not be 
made on Q1 (N) at room temperature. However it was important to 
determine the maximum stress intensity appropriate to the planned 
fatigue tests. For this reason it was decided to perform a 
series of "non-standard" fracture toughness tests in an attempt to 
define a critical stress intensity, Kc  for the prevailing conditions. 
As far as possible the tests were conducted in accordance with the 
1968 BISRAProposed British Standard for Plane Strain Fracture 
Toughness Testing" [106]. 	Sample selection presented the principcL- 
problem. 	The 254mm CKS sample adopted for fatigue testing was 
suited to fracture toughness determinations but to perform a 
statistically significant number of tests at a rate of one per sample. 
would have involved excessive consumption of these expensive test 
pieces. 	Smaller samples would have been suitable for the tests 
but could not be considered due to the lack of an alternative 
precracking facility. 	It was therefore decided that multiple tests 
should be performed on a single CKS sample utilising the full stress 
intensity region analysed by Walker and May [107]in preference to 
the more restricted recommendation of the BISRA Standard Proposal. 
The use of a single sample for multiple tests is not "standard" 
procedure and the author is not familiar with any results determined 
--on- this basis. -However Brown and Srawley [i 09] have recognised the 
possibility of performing multiple tests and indicate that so long as a 
new fatigue crack is grown between tests the procedure is acceptable. 
Instrumentation for these tests was simple. 	Crack extension 
was monitored by COD measurements. A 25mm gauge length Instron 
extensometer was positioned across the machined notch as shown in Figure 
3.8. 	The device was coupled to a transducer amplifier in the RDP 
Elm 
control equipment, this provided a DC output that was compatible 
with a standard1 flat bed x/y plotter. An analogue load output 
was similarly available. An appropriate load demand signal was provided 
by a DC voltage ramp generator whose rise time could be controlled 
to give the specified rate of stress intensity increase required by 
the BISRA Standard Proposal. 	Crack lengths were optically measured 
to an accuracy of ± 0.05mm before each test. Kc values were determined 
from the stress intensity/COD record by the use of a 4% ofet 
construction. 	The full range of post test checks required by the 
BISRA Standard Proposal were applied, the details of these are 
reported with the results in Chapter 4. 
3.7 Determination of Static and Cyclic Stress/Strain Properties 
Both the monotonic and cyclic stress/strain properties of Qi (N) 
were determined using a 250kN Instron test facility. The instrument 
was of the screw driven variety. Both kinds of test were performed 
on identical dumb-bell type specimens. 	This specimen and its 
loading grips had been specifically designed for cyclic stress/strain 
measurements by Dr. G.M.C. Lee. 	Its dimensions are given in 
Figure 3.9. 	The Instron test system is fully integrated, requiring 
no extra instrumentation for standard tensile tests. 	The cyclic 
loading capabilities of the instrument had been modified to provide 
analogue load and strain outputs. 	Cyclic stress strain histories 
could therefore be directly recorded on an x/y plotter. 	Cyclic 
properties were determined using an incremental step test of the type 
proposed by Raske and Norrow [iiO] 	The Instron control system had 
been modified to provide automatic load reversal at preseVj strain 
limits. However it was necessary to manually reset both limits after 
each cycle; a very low strain rate was therefore imposed on the tests. 
It should be noted that the tests were conducted on samples comprising 
* The strain sequence used is detailed in Figure 3.10. 
a small proportion of the Qi (N) plate cfoss section. 	Both the 
monotonic and cyclic properties reported in sections 4.1 .2 and 4.1 .3 
may therefore differ from the bulk properties of the full thickness 
plate material used in the fatigue tests. 
3.8 Netallography and Fractography 
3.8.1 Metallography 
Only a small amount of metallography has been undertaken in 
connection with the crack propagation studies reported in this thesis. 
Standard preparation facilities comprising mechanical grinding and 
polishing weels were available in The Department. A Zies 
Photomicroscope" has been used. This instrument has a 35mm film 
camera coupled with an automatic exposure metre. A solution of 
nitric acid in glycerol was found to be the most satisfactory etch 
for revealing the microstructure of Q1 (N). 
Etching solution: 	Concentrated nitric acid 	4m1 
Glycerol 	 96m1 
3.8.2 Optical fractography 
A 35mm "Nikon" camera has been used to record the optical 
appearance of the fatigue fracture surfaces. The fractographs 
shown in Chapter 5 were taken using a nominal magnification of 
x 0.53 on the film, the final size of the prints was obtained by 
photographic enlargement. 	The fracture surface relief resulted in 
the focus being unsatisfactory at magnifications in excess of the 
above value. Various alternative lighting configurations were 
investigated, the most satisfactory results were obtained using the 
system shown in Figure 3.11. 	This configuration was used for all 
the optical fractographs presented in Chapter 5. 
The large size of the CKS test pieces presented problems 
regarding the preservation of fracture surfaces. 	No sufficiently 
large desiccator facilities were available. 	This problem was 
overcome by the use of a surface lacquer to exclude the atmospheric 
environment. At the completion of testing samples were loaded to 
cause gross crack opening by failure of the unfatigued ligament. 
Electrical insulating lacquer, supplied by RS Components Ltd., was 
applied to both surfaces. 	The lacquer was readily removed by 
acetone, or a proprietary solvent, when the surfaces were required for 
examination. 
3.8.3 IStereoscantt fractography 
Limited access was available to a Cambridge Instruments Mark 2A 
"Stereoscan" scanning electron microscope which was the property 
of the Institute of Tree Biology. 	The instrument has recently 
proved unreliable; an excessive amount of "dovm time" has been 
experienced during the available operating periods. 	This problem 
has seriously curtailed the scope of the electron fractography 
undertaken. 
Some difficulty was experienced in preparing satisfactory 
samples for SEM examination. 	Qi (N) is not readily machined as a 
consequence of its hardness. The maximum permitted size for 
specimens was 8mm x 8mm x 4mm high.. The preparation procedure was 
as follows. 	
0 
The cracked samples were yielded to produce gross crack opening. 
The fracture surfaces were immediately protected with insulating 
lacquer. 
A bandsaw was used to separate the two halves of the specimen. 
One half was retained for optical examination. 	
0 
The fracture surface selected for SEM' examination was scribed at 
5mm intervals, normal to the direction of crack growth. 
The 35mm wide fracture surface was divided into three equal "strips!' by 
end milling two channels parallel to the direction of crack 
growth. (See Figure 3.12) A 6.3mm diameter tool was used to a 
depth of 4mm. 
The direction of crack propagation was marked on each area to be 
examined by placing light centre punch marks adjacent to the 
relevant scribe lines. 
A bandsaw was used to separate the fracture surface from the bulk 
of the sample. 	The result of this operation is shown in 
FLgure 3.12. 
The three strips were separated along the milled channels. 
The areas to be examined were separated from the individual strips 
by use oflight, hand—held hacksaw. 
Considerable care was taken throughout the above procedure to prevent 
damage occurring to the fracture surface. 	The small samples obtained 
were ultrasonically cleaned and examined in the central section well 
away from the machined boarders. No evidence of physical damage 
was observed during examination. 	The results of the scanning electron 
microscopy are presented in Chapter 5. 
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Element ASTN Specification 
(%) 
Qi (N) 
Plate 5849 •(%) 
Carbon 0.23 max 0.18 
Manganese 0.40 max 0.30 
Silicon 0.18-0.37 0.23 
Nickel 2.53-3.32 2.44 
Chromium 1.44-2.06 1.32 
Molybdenum 0.41-0.64 0.35 
Phosphorus 0.035 max 0.005 
Sulphur 0.04 max 0.01 
Titanium 0.007 
Vanadium 0.03 max 0.01 
Copper 0.06 








Table 3.1 	Chemical composition. ASTM specification A543-65 and 
Qi (N) plate 5849. 













1 Longitudinal 605 715 28 
2 609 723 30 
3 II 619 735 29 
1 Transverse 615 710 26 
2 618 727 27 
3 626 735 27 
ASTM Specification 2 586 723-862 16 mm 
Notes: i) See Figure 3.1 for details of sampling locations and 
orientations. 
2) NCRE tests were performed on 14.2mm diameter, round 
specimens which had a gauge length of 50.8mm. ASTM 
specification requires tests to be conducted on full 
thickness rectangular specimens; a 50.8mm gauge length 
is specified. 
Table 3.2 Mechanical properties of Q1 (N) Plate 5849 and the 
requirements of ASTM specification A543-65. 












0 200 110 0 
4 It 1.7 
6 I? 8.0 
6 80 8.0 
18 14.0 
Notes: i) The above represents the normal procedure, slight 
variations in detail were affected to suit circumstances. 
Crack lenghts shown are typical only. 
Test frequency = 2Hz. Total cycles in 18hrs = 129,600. 
Stress intensity conditions at a/W = 0.3, 1 = 12.7 mñi: 
= 66 . 5NNIa 3/2 , L\X=26 . 6MNm_3'2 . 
Table 3.3 CKS specimen precracking routine. 
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Source of Error Magnitude % 
1) Static calibration of Mohr and Frederhauf 
system1 ± 0.5 
2) Static calibration of pressure transducer 
and RDP Electronics from Mohr and 
Frederhauf system ± 0.5 
3) Loading configuration 
2 
Pin friction (j=0.2) -. 
+0 
4 
Specimen alignment3 ± 0 
4) Consequences of dynamic operation 
Transducer "noise"4 ± 0 
Transducer signal5 ± 0.5 
Notes: i) Performed by makers. 
2+3) See Appendix II. 
Noise became significant when maximum and minimum load 
values were read. An allowance was made for this effect 
during analysis, the net effect is therefore insignificant. 
Deduced from COD/load relationship as frequency increased 
from "near static" conditions (0.1Hz) to .test frequency (2Hz). 






a) Q1(N), Plate 5849. Nominal thickness: 38mm. 
• 
	
	 Location of sampling sites for mechanical tests 
reported in Table 3.2. 
Tr 
Longitudinal Long transverse 
b) Standard designation of plate orientations. 
-Figure 3.1 Sampling location and orientation of NCRE 





-120 	-80 	-40 	0 	+40 
m 	 .' 
iJiiIAi 
A Longitudinal sample from location 1. 
B- Long transverse samples. One sample 
from each test location. All results 
lie within the scatter band shown. 
All tests: zero fracture surface cystallinity 
0 
above -60 C. 
Figure 3.2 	Q1 (N), Plate 5849. 
Charpy impact test results reported by NCRE. 




Figure 3.3 General view of fatigue test installation 
with CKS sample and crack monitor installed. 
Magnification: xl /22 
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I Hydraulic Oil 
	
	 Non-return 
- Reservoir 	 Valve 
1 





5,5, 1pm 	 Pressure 
Filters Bias valve 
I •Pipe Burst ____ 	7kNm2 
[ Detector 	J 	J Manual Pressure • 	 Regulator Gaige 




Accumulator 	J 	 L P 
_____ Return 
Solenoid 	 Line 
• 	• 	 Valve 
Original Nohr + 
Frederhauf Pump 
I Moog Valve 
Drain 
Pressure 	Hydraulic 	 • 	Line 
• 	 Transducer Actuator 
Notes: 1 )XDenotes manual-on/off valve 
2) Pressure bias valve in return line set 
to maintain a pressure of 7kNm 2 in the 
• 	• line as -a noise prevention measure. 
• 3) L.P. 	low pressure, H.P. = high pressure. 






Digital I Safety 
onitor Unit 	 Over-limit 
IDetector 
J programmerj 




Notes: i) Three separate •transducer amplifier channels were 
available in practice. Only a single channel is 
shown for clarity. 
2) 0 Denotes amplifier output selection capability. 
• 	 Inputs to control modules could be taken from any 
of the three transducer amplifiers. 













Dimensions in millimetres and (inches). 
* 
Nominal plate thickness, in practice after machining B35mm. 

































Figure 3.7 Loading configuration for CKS sample scale 1/6.3 
The tpp stud "A" was threaded into "D" after passing 
through "B" and "C". The assembly is supported at 
by the test frame crosshead and at S by a threaded 
stud in the base of the frame. 
1* 
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i , 	 r 
- - 	
I 	 - 
Figure 3.8 Location of "Intron" extensometer 






47.6 	15.9 	47.6 	25.4 
33.781 
Dia: 22.10 	Dia: 12.70 	VRad: 25.4 
) Principd rolling direction 
Figure 3.9 Sample for cyclic stress/strain tests. 













Strain rate : 0.166% per second 
"Step" increment: 0.5% strain 
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is described in section 3.8.3. 
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CHAPTER 4 
MECHANTCAL TEST RESULTS 
4.1 Basic Material Properties 
4.1 .1 Through thickiess hardness traverses 
Vickers hardness measurements were made, across the short 
traverse section of the original plate, on six CKS samples. 
Preliminary investigations indicated that the, burning operation 
used to prepare the specimen blanks from the "as rolled" plate 
had created regions of anomolous hardness at the specimen edges. 
The hardness impressions were therefore made, after suitable 
preparation, on the machined face of the notch at a distance of 
approximately 65mm from the front edge. An indentor pressure of 
30kg was used; at 2501W the diagonal measurement of the impression 
was 0.472mm. 
The results of the investigation are shom in Figure 4.1. 
The individual samples showed no significant variation of hardness 
across the short transverse section. 	The average hardness values 
determined for the six samples were: 242, 244, 245, 245, 246 and 
252 RY. 	In each case the scatter about the average was less than 
± 6EV. In addition to revealing the "through tlückness" uniformity 
of individual samples these results also show that there was no gross 
variation of properties between the different specimens. 
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4.1 .2 Monotonic stress/strain characteristic 
Simple tensile tests were performed on three samples of the 
type shown in Figure 3.9. 	The results are reported in Table 4.1; 
Figure 4.2 shows a typical load/extension record. 	The extremely 
high elongation values at failure result from the specimen's small 
gauge length. The average values of both the yield stress and the 
ultimate tensile strength determined by the author exceed the NCRE 
measurements (Table 3.2) by nearly 6. 	Given the dimensions of 
the plate from which the different samples were taken this discrepancy 
is reasonable. 
4.1 .3 Cyclic stress/strain characteristic 
The cyclic stress/strain properties of Qi (N) were determined 
using an incremental stepas detailed in section 3.7. No significant 
variation was detected in the cyclic properties of the three samples 
tested. 	Using the strain sequence shown in Figure 3.10 three high- 
low-high blocks were found sufficient to produce a "stabilised" 
stress/strain response. 	The broken line in Figure 4.2 shows a 
typical deformation "loop" obtained by cycling the material between 
strain limits of ± 5; also shown is the locus of the "loop tips" 
obtained by cycling over smaller strain ranges. 	The continuous 
line in the figure shows the monotonic tensile properties of the 
material. 	It is apparent that Qi (N) softens under cyclic loading 
conditions. 
4.1 .4 Fracture toughness determinations 
Eight fracture toughness tests were performed 'on a single CKS 
sample of the dimensions shown in Figure 3.6. The test procedure 
-' 	has been detailed in section 3.6. 	Table 4.2 presents the results. 
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Figure 4.3 shows three load/COD test re6ords and the 4% offset 
construction used to determine the critical load values. 	The 
records have been reduced to half their original linear size. 
From the figure it can be seen that at low crack lengths (test i) 
the linearity of the "elastic" section is excellent. 	Furthermore 
the zero error due to "gauge settling" was minimal. 	In subsequent 
tests, at higher crack lengths, the linear portion of the test 
record was reduced by more severe zero errors and the onset of 
crack tip yielding at lower load values. However, on the original 
full size records, there was always a substantial linear range 
through which the first analytical construction could be placed with 
confidence. 	From Table 4.2 it will be seen that the average 
K value determined from six tests was 146 mm_3/2,  the scatter about 
this value was -6.4% to .+ 8.2%. 
The tests were performed as far as possible, according to the 
proposed British Standard Fracture Toughness Test Method [106]. 
For a test to be considered satisfactory 13 criteria must be met. 
The tests reported above failed to satisfy the following requirements 
of the proposed standard. 
i) Multiple tests were performed on a single sample. 
Tests were conducted outside the narrow a,4 range detailed 
in the proposed standard. 
The maximum stress intensity during precracking exceeded the 
50% KQ limit by up to 1 0%. 
For a valid plane strain fracture toughness determination 
the specimen thickness is required to exceeed the factor 
K(- 2 
25(-) . For the K values obtained a thickness of 140mm 
is required, some four times greater than the available plate 
thickness. 
MIM 
Clearly the tests reported in this section were not able to 
produce a valid plane strain fracture toughness value for Qi (N). 
The intention was to obtain a realistic upper limit of stress 
intensity values, i.e. K, for use during fatigue crack propagation 
tests. 	The extent to which the concept of "fracture toughness" 
is applicable to Qi (N) is discussed in Chapter 6. 
4.2 Crack Propagation Tests 
4.2.1 The influence of mean stress intensity on equilibrium 
crack propagation rates 
The first aim of this work was to determine the equilibrium 
fatigue crack propagation rates in Qi (N) under simple constant 
amplitude loading. 	The limitations of the hydraulic 
actuator meant that all fatigue tests had to be conducted with a 
tensile mean stress applied to the sample. 	It was not clear from 
the literature how the crack growth rate would be influenced by this 
requirement. 	Thus it was decided to investigate the mean stress 
parameter before determining the equilibrium da/d.N/AK characteristic. 
The experiments were formulated in consideration of the K. 
value reported in the previous section. 	The initial intention was 
to limit the peak stress intensity (Kmax) to 146 MNm73/2, je Kc. 
Six dynamic stress intensity ranges were selected for investigation 
over a range of mean stress intensity values. 	The results are 
presented in Figure 4.4. Early results indicated that there was no 
significant increase in crack growth rate as Kmax approached K. 
For this reason the limit on K max was relaxed and tests performed at 
both maximum and mean stress intensities in excess of K0 . The 
hydraulic actuator and the specimen configuration precluded compressive 
loading, furthermore in order to maintain alignment of the pin-loaded 
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sample a minimum load of lOkN was required. Thus the minimum stress 
intensity (K.) attainable was determined by the prevailing crack 
mn 




Figure 4.4 indicates that crack growth rates in Qi (N) remain 
constant over a wide range of tensile mean stress intensity. The 
practical restrictions of the loading system prevented extension 
of the experiments to lower mean stresses. 	No evidence of 
accelerated growth rates was obtained as either K 	or K max 
approached K. 
4.2.2 Equilibrium, constant amplitude, crack growth rates 
The insensitivity of crack rates tothe applied mean stress 
intensity, demonstrated in the previous section,makes the presentation 
of equilibrium growth rate data both meaningful and simple. 
Figure 4.5 presents constant amplitude crack growth rate data 
collected from several samples during general testing. 	The tests 
were all conducted at a mean stress intensity of 100 MNni3/2.  Also 
shown in Figure 4.5 are crack rates deduced from the investigation 
of mean stress intensity reported in the previous section. 	For 
each value of AK investigated an average growth rate has been 
determined from the linear section of the da/dNfl characteristic 
presented in Figure 4.4. 	There is seen to be excellent agreement 
between these values and those obtained from the individual tests 
conducted at K = 100 m3 2 
	 - 
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The data line drawn in Figure 4.5 was determined by a least 
squares curve fitting procedure. A third order polynomial was 
found to best fit the experimental results. 	The polynomial 
provided a convenient means of "storing" the equilibrium growth rate 
data for use when predicting damage under complex loading conditions. 
If da/dN and K are expressed as pm/cycle and kNm_3/2 respectively, the 
polynomial is: 	
88 841 	K) 	17 05(1 	K))2 +_1.24o(logC));(4.zj 
it is applicable over the range 
120 MNm> AK > 17 NNm_3/2 	 () 
Figure 4.6 compares the data presented in Figure 4.5 with the 
Qi (N) growth rate scatter band determined by Evans and Taylor [55] 
at the National Physical Laboratory. 	These workers also employed 
CKS type samples loaded under tension/tension conditions. Referring 
to Figure 3.6 the basic dimeisions of their samples were W = 30.5mm 
and B = 15mm. 	Despite this considerable difference in specimen 
size, results from the different sources are in good agreement over 
most of the AK range investigated by the workers at NFL. 
4.2.3 The influence of discontinuous changes in mean stress intensity 
The -work reported in Section 4.2.1 involved discontinuous changes 
of mean stress intensity between tests. 	It was apparent that 
reductions in K significantly retarded the subsequent crack growth 
rate for some period. As changes in mean stress intensity are 
frequently encountered in complex load sequences it was decided to 
determine if the associated effects were sufficiently reproducible to 
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be characterised by experiment. 	Following an encouraging 
preliminary investigation tests were performed at three levels of 
dynamic stress intensity. 	The load sequence used and the notation 
adopted are shown in Figure 4.7(a). 	The tests were conducted as 
follows. 
i) Equilibrium crack growth was established at k = 100 
and the required value of AK. 
The mean stress intensity was reduced to the lower level 
in a single, discontinuous step. 	The change in K is 
denoted A(). 
Dynamic loading at the lower level continued until the 
ultrasonic crack monitor indicated that significant further 
crack growth had occurred. 
The mean stress intensity was returned to the original 
value of 100 MNm73/2 . A step change was again involved. 
Growth following the increase in Y was monitored;when 
substantial equilibrium growth had occurred a further test 
could be performed.. 
The dynamic stress intensity range was constant throughout the above 
test sequence. 
As previously mentioned a reduction in K results in a retarded 
crack growth rate, however quantification of the effect is made 
difficult by the change in crack front profile that occurs. 	In all 
cases a reduction of the mean stress intensity was observed to result 
in "tunnelling' of the crack tip. 	Figure 5.4 shows typical examples 
of the change in crack front profile. 	Both ultrasonic and optical 
determinations of crack length following a reduction in K indicated 
that there was a period of zero growth, ultrasonic measurements showed 
that the crack then started tunnelling at the specimen mid-thickness 
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whilst no growth was detectable at the surface. On returning the 
mean stress intensty to the high level rapid growth was observed 
at the specimen surface whilst no significant acceleration was 
detected by the ultrasonic crack monitor. 	From the fracture 
surfaces (Figures 5.4(a) and (b)) it was apparent that the crack 
front rapidly returned to its original equilibrium configuration 
by failure of the unfractured cutaneous ligaments. The different 
crack front profiles observed during a high-low--high mean stress 
intensity sequence are shown schematically in Figure 4.8. 	It is 
apparent that during the tunnelling phase at the low K value it 
is the crack length at the specimen mid-thickness that controls the 
crack front position on return to the higher value of K. 	In 
recognition of this fact ultrasonic measurements of crack front 
position were used to quantify the growth delay associated with a 
reduction of L 
Figure 4.9 shows two ultrasonically determined crack growth 
records following a reduction in mean stress intensity. A nominal 
growth delay parameter was obtained by determining the duration 
of the clearly defined "zero growthinterval" that followed. the 
reduction in K. Although this parameter necessarily represents a 
gross simplification of the actual crack tip mechanism it was found 
to be satisfactorily reproducible. 	Figure 4.10 presents the 
ultrasonically determined delay intervals for three different 
dynamic stress intensity ranges. The same data is replotted in 
Figure 4.11 using a logarithmic scale for the delay parameter. 
It is apparent that for each value of AK the data points approximate 
to a straight line of the form: . 	 . 
log Nd = A ± E[A(Kfl • 	 . . 	( 4.4) 
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The effect of increasing K after tunnelling at the lower mean 
stress intensity level has already been described above and presented 
schematically in Figure 4.8. Optical measurements of crack length 
indicated that dramatically accelerated growth occurred at the 
sample surface, however no acceleration of the ultrasonically 
determined growth was detectable. 	The qualitative conclusion is 
that if crack length is measured to the most advanced part of the 
crack front, increases of K do not result in an acceleration of the 
growth rate. No detailed quantitative measurements of the growth 
following an increase of K have been undertaken. 
The tests reported in this section were very demanding in terms 
of both material and time. The changes in crack front profile 
required extended periods of "recovery" to regain equilibrium conditions. 
Furthermore the zero growth periods could last for as long as four 
hours. Data collection under these condition was extremely slow. 
The tests were therefore discontinued although it was considered that 
a more extensive investigation was desirable. 
4.2.4 The influence of dynamic overloads 
The work reported in previous sections has all been conducted 
under conditions of constant dynamic stress intensity. 	The interaction 
of different dynamic loading conditions is obviously central to the, 
problem of cumulative damage. A systematic investigation of simple 
interactions was therefore undertaken; as in previous sections the 
intention was to isolate the effects from the influence of other 
parameters. A frequency of 2Hz and a mean stress intensity () of 
100 MNm_3/2 was maintained throughout the sequence of tests. A range 
of dynamic overload conditions (AK11) were applied to' a series of 
three "base" values of AK, (AKL). 	The general stress intensity 
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sequence and the notation employed are shom in Figure 4.7(b). 
Figure 4.12 specifies the different overload conditions investigated 
at each value of AKL. 	In this extensive sequence of two level 
tests the average crack growth rate was determined over an interval 
involving multiple repetition of the overload sequence. Apart 
from the different dynamic stress intensity levels the other 
parameters investigated were n and n the number of high and low loadLl 
cycles applied in any sequence. Values of n were continuously 
varied between 1 and 4000, n was restrictied to two values: 1 and 20. 
The results of these overload tests are presented in Figures 
4.13 - 4.27. 	In each case the average crack growth rate is plotted 
against the ratio 	this permits a comparison of the data for 
nil = 1 and nil = 20. 	Identical axes have been used in all the 
figures to permit the crack growth rates under different conditions 
to be compared by simply "overlayingt' the relevant graphs. 	In 
each figure the continuous line indicates the growth rate predicted 
on the basis of a linear damage summation. The summation, which 
is essentially the linear cumulative growth model described in 
section 2.7.4, is detailed in Appendix 3. 	The growth rates used 
in the summation have been taken from Figure 4.5 by means of the 
polynomial given as equation 4.2. 	The damage occurring at AIc = iso 
was so severe that growth rates were not investigated for n11 = 20. 
Figures 4.13 to 4.27 indicate very good agreement between the 
measured and predicted growth rates. 	It is particularly notable 
that at a given ratio of 	there is in general no significant 
difference in the growth rates determined for nH = 1 and n11 = 20. 
Crack growth rates were not measured for values of n in excess 
of 4,000. However for all load combinations "equilibrium" growth 
rates were found to have been re-established at the prevailing AKL 
level by the end of the largest n L interval investigated.. 	Thus 
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subsequent data points, unmeasured in this work, can confidently be 
expected to tend increasingly toward the predicted values as the 
dominance of the equilibrium growth becomes more pronounced. 
4.2.5 Crack growth under three level block loading conditions 
Figure 4.28(a) presents the details of an 8 level block load 
sequence which was of interest to NCRE. 	The individual load levels 
were specified as a percentage of the material's yield stress. From 
this sequence a three level regime was evolved for use in the first 
block loading tests. 	It was hoped that this extreme simplification 
would facilitate the interpretation of damage accumulation under 
block loading conditions. 	The details of the derived three level 
sequence are given in Figure 4.28(b). 	Stress levels expressed as 
a percentage of the material yield stress are not directly applicable 
to a fatigue cracked, fracture toughness type specimen; a conversion 
to stress intensity values is necessary. 	To achieve this an 
arbitrarily selected dynamic stress intensity value K) was made 
equivalent to the 1O stress level of both the 3 and the 8 block 
sequences. 	The value of LK for each block was then scaled according 
to the original percentage stress values. Tests were made at different 
values of K to determine how the maximum stress intensity range 
influenced the average crack growth rate. 
The three level block loading tests performed fall into two 
categories: a) those with constant mean stress intensity, b) those 
with constant K.. In each catgory three different sequences of min
load application were investigated; these are shown in Figure 4.29. 
Figure 4.30 presents the experimentally determined average crack 
growth rates for each load regime. 	These are indicated both as: 
average growth per cycle, and as: gross growth per three blocks. 
Also shown in the figure is thegrowth rate predicted according to the 
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linear summation used in the previous section. 
Figure 4.30 shows that under all the three level loading 
conditions used the rate of crack growth increased progressively 
as the value of AK was raised. Furthermore the "shapes" of the 
individual growth rate characteristics all closely follow the form 
of the predicted growth function. 	Under conditions of constant 
mean stress intensity the rate of growth resulting from the "low-high-
low" and "high-low" sequences is consistent at approximately 80 of 
the predicted growth rate. 	da/dN determinations for the "low-high" 
regime rise from this level to 100% of the predicted rate at the 
highest values of AK investigated. The available data is 
insufficient to support a definitive statement of the influence of 
load sequence on crack growth rates under constant K conditions. 
The 3 load level tests performed at constant K . min reveal a. 
clearer trend. 	Growth rates for all three load sequences were 
significantly below the values obtained in the constant K tests. 
Furthermore the "low-high" regime was found to cause fatigue damage at 
a consistently higher rate than the other two sequences investigated. 
A load sequence effect does appear to be operative under these 
conditions, but it is again important to recognise the limited nature 
of the available data. 
4.2.6 Crack growth under eight level block loading conditions 
The same process used to convert the three level block sequence 
from percentage stress to stress intensity values was applied to the 
8 level NCRE block regime, (figure 4.28(a)). Only a limited number 
of tests have been completed using 8 level sequences. 	Figure 4.31 
details the three different load regimes that have been investigated. 
(The equipment available was not capable of producing an eight level low- 
high-low sequence.) Figure 4.32 presents the measured crack growth rates, 
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the scale used is the same as that of Figure 4.30. 	The continuous 
line in the figure is the growth rate predicted by linear summation 
of the equilibrium damage rates, (see Appendix 3). 
The results follow the same basic pattern as was observed for 
the three level tests. 	The general "shapes" of the measured growth 
rate/AK functionsq for the different loading conditions, closely follow 
the form of the predicted characteristic. 	The crack growth rates 
measured under constant mean stress intensity conditions were 
approximately 2W., below the predicted values, the discrepancy is 
increased for tests performed under constant K . min conditions. 	There 
is insufficient data to determine with confidence if loading sequence 
is significant under the latter conditions. 	However, it is noticeable 
that none of the "low-high" data points fall below the "high-low" 
points. This trend is consistent with the results of the three level 
tests. 
Chronologically the 8 level tests reported in this section came 
at the end of the author's fatigue investigations. 	It was apparent 
that more extensive 8 level tests required considerable modifications 
to be made to the"load signal generator/servo amplifier " interface. 
Such improvements were not consistent with the available time scale. 
This section should therefore be regarded only as a preliminary 
investigation, not a full survey, of 8 level test sequences. 
—ii S.- 
Sample Yield Stress 
MNm 2 
UTS Elongation1 
Ti 645 750 72 
T2 634 749 70 
T3 658 768 65 
Average 646 756 69 
Note 1. 	10mm gauge length used. 
Table 4.1 Monotonic tensile properties determined by the author 
using the sample shown in Figure 3.9. 
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2 0.35 L 	load 	J 
3 0.39 138 
4 0.43 154 
5 0.51 158 
6 0.57 148 
7 0.62 141 
8 0.66 138 
Average: 146 + 12 (8.2%) NNm_3d'2 
- 8 (6.4%) 
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Figure 4.1 Hardness determinations across the short 
transverse section of six CKS samples. 
See Figure 3.1 for definition of plate 
• orientations. 
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Figure 4.1 , continued. 
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Fiire 4.2 Comparison of monotonic and cyclic stress/strain properties of Q1(N). 
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Figure 4.3 Examples of fracture toughness test records. Reproduction at one half 
original linear size. The broken lines show the 4% offset construction. 
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Figure 4.5 Equilibrium fatigue crack growth rates in Qi (N). 
Tests conducted wider constant dynamic stress 
intensity conditions. 
The data line was fitted to the individual results 
only; the averaged results from Figure 4.4 are 
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Figure 4.6 A comparison of the equilibrium fatigue crack growth 
• 	 rates determined by the author with those 
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Number of cycles 
Load sequence used to investigate crack growth following 
discontinuous changes in mean stress intensity. 
Stress 
Intensity 
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Iv FKH 
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Dynamic overload test sequence at constant K 
Figure 4.7 Test load sequences. 
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a) &juilibrium profile before 
reduction of K agation 
Profile resulting from 
turmelling following reducti 
of 
Profile following return of 
K to original value 
Figure 4.8 Schematic, plan view, of fatigue fracture surface showing 
the different crack front profiles observed.during tests 
involving changes in mean stress intensity. 






ouju 	 12000 Number of load cycles 
Figure 4.9 Crack growth records for tests involving a reduction of K. 
"R" indicates the point of K reduction. 
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Figure 4.10 Ultrasonically determined delays in crack growth 
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Figure 4.11 Crack growth delay data from Figure 4.10 
replotted with a logarithmic ordinate. 
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Figure 4.12 Stress intensity combinations used for dynamic 
overload tests. For the values of €KL  shown, 
overload tests have been performed at each of 
the AK11 values shown in the same column. 
See Figure 4.7(b) for general notation. 
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Figure 4.14 Dynamic Overload Test 
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Figure 4.15 Dynamic overload test 
= 100, AKL = 30 	H = 90 NNm_3/2 
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Figure 4.16 Dynamic overload test 
=100, nK 	 30 LK = 110 MNm_3/2 
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Figure 4.17 Dynamic overload test 
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Figure 4.18 Dynamic overload test - 
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Figure 4.19 Dynamic overload test 
K = 100, 	L = 50, 	AK = 70 MNm3/'2 
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Figure 4.20 Dynamic overload test 
K = 1009 	L = 50, XH = 90 MNm73/2 




10 	 100 
Figure 4.21 Dynamic overload test 	
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Figure 4.22 Dynamic overload test 	
Ratio 
=loo p 6K = 50, inXH  = 130 MNm_3/2 











Figure 4.23 Dmamic overload test 
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Figure 4.24 D3mamic over1ad test 
K - 100,. 	70, 	KH = 90 MNrn 3/2 
10 
















Figure 4.25 Oynamic overload test 














Figure 4.26 Driiamic overload test 
K= 100, 	L 	°' 	
= 130 MNm_3/2 








Figure 4.27 Dynamic overload test 
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a) 8 Level test sequence proposed by NCRE 
Dynamic stress. 
range, % of max value 
(i00% = nominal yield 
stress) 
Hi 
100 	200 	300 
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b) 3 level test sequence evolved from (a) above. 
Figure 4.28 Dynamic "stresstt ranges used in block loading tests. 
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No of cycles 	 No of cycles 
a) K = constant, low-high 	 a) K . = m]-n constant, low-high 
K 
No of cycles 	 No of cycles 
b) i = constant, low-high-low 	 e) K 
mm . = constant, low-high-low 
K K 
No of cycles 	 No of cycles 
c) K = constant, high-low f) K 	=min constant, high-low 
Figure 4.29 Schematic representation of- the six, three level, block 
loading sequences used. Details of stress intensity 
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AK value NNm 
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Continuous line: Growth rate predicted by linear 
summation of equilibrium rates for 
all blocks. 
Broken line: 	Growth rate predicted by linear 
summation of equilibrium rates for 
two highest load blocks only. 
Figure 4.30 Crack growth rates measured under 3 level 
block loading conditions. Details of the 
load sequences are given in Figure 4.29. 
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K 
a) K = constant, low-high 
	No of cycles 
K 
No of cycles 
b) K 	= min constant low-high 
K 
• 	- 	 No of cycles 
c) KI . = constant, high-low mm 
Figure 4.31 Schematic representation of the three eight 
level, block loading- sequences used. 
• Details of stress intensity levels and number 
of cycles per block are given in Figure 4.28a. 
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Constant K tests 	0 low-high 
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min  tests 0 low-high 
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Continuous line: Growth rate predicted by linear 
summation of equilibrium rates for 
all blocks. 
Figure 4.32 Crack growth rates measured under 8 level 
block loading conditions. •Details of the 
load sequences are given in Figure 4.31. 
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CHAPTER 5 
METALLOGRAP}Ty AND FRACTOGRAPHY 
5.1 Preamble 
The results presented in this chapter are all of a photographic. 
nature. 	Conventional optical micrographs of polished and etched 
sections of Q1 (N) are presented first, these are followed by a 
series of optical macro-photographs of typical fatigue fracture 
surfaces. 	The final part of the chapter presents a sequence of 
micrographs of fracture surfaces obtained from the scanning electron 
microscope. 	The conventional format of the various optical 
photographs makes their interpretation straight forward. 	Specific 
details relating to individual figures are given in both the main 
text and in the captions. 	The SEN fractographs are less readily 
understood. It has become apparent that readers who are not familiar 
with the appearance of fatigue fracture surfaces in Q1 (N) may initially 
experience considerable difficulty in distinguishing "features" that 
are readily apparent after more prolonged study. An attempt has 
been made to mitigate this difficulty by prefacing the detailed 
description of the SEM fractographs with a brief explanatory section 
which is intended to give an overall view of the results that are 
subsequently, individually described in greater detail. 	The relevant 
section, which is designated 5.4.1, may be omitted advantageously by 
readers who have experience of SEN fractography of Qi (N). 
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5.2 Microstructure of Qi (i) 	 - 
As part of a general survey of the basic properties of Qi (N) 
a brief investigation was made of its microstructural characteristics. 
Structures were examined from the same six samples that were subjected 
to hardness investigations. 	Specimens were cut from the CKS samples 
to permit examination of three mutually perpendicular faces, each one 
lying parallel to one of the original plate surfaces. 	Apart from 
the carbide banding mentioned below no significant variation was 
detected between the differently oriented material. 	The specimens 
were examined for structural variation through the plate thicimess. 
No major inhomogeneities were detected. However both the transverse 
surfaces*did exhibit very slight carbide segregation in the form of 
"banding". 	The effect was most readily detected at the plate mid 
thic1mes, but even there it was not uniformly present. There the 
"bands" could be distinguished their separation was approximately 
200pm. 	No "banding" was observed on surfaces lying parallel to the 
rolling plane of the plate. 
Typical microstructures are shown in Figures 5.1 and 5.2. 	In 
each case the near surface and plate mid thickness structures are shown 
for two of the orientations examined. 	A trivial, and representative, 
example of "banding" can just be detected in the lower right hand 
corner of Figure 5.1 (b). 	This apart, the figures demonstrate the 
noteable uniformity of the Qi (N) microstructure. 
5.3 Optical Fractography 
The surface roughness of Qi (N) fatigue fracture surfaces prohibits 
optical examination at high magnifications: However some information 
can be gained from low magnification work. Figure 5.3 shows how both 
mean and dynamic stress intensity conditions effect the fracture 
surface appearance. 	In each case 	was maintained constant whilst 
*i.e. The surfaces lying perpendicular to the short transverse and 
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periodic "step-like" increases in R were' applied. 	Thirteen different 
levels of mean stress intensity are shown in each photograph. 	The 
points at which K was increased are not clearly visible except in.the 
lower part of Figure 5.3a where clearly defined "steps" are seen. 
Careful examination of the other photographs reveals similar, but less 
distinctive, features. 	It is seen that surface rougimess increases 
with both -K and L2K. 
It was stated in section 4.2.3 that under constant dynamic stress 
intensity conditions a reduction of K resulted in crack tip tunelling. 
This change in crack front profile is readily confirmed by optical 
examination of the fracture surface. 	Figures 5.4(a) and (b) show 
the effect under a variety of conditions. 	The points of mean stress 
reduction, marked in each photograph, are seen to be followed by a 
"smooth" region in which the centre of the crack front clearly tunnels 
ahead of the edges. 	The "rougher" region that follows results from 
returning the mean stress intensity to its original value. 	Under 
these conditions the crack front is seen to straighten to its original 
shape. 	The duration of the tests was insufficient to determine how 
long the curved profile ,persis -ted at the lower value of K. 
Fracture surfaces produced by the dynamic overload tests reported 
in Section 4.2.4 varied considerably in appearance. At high values 
of 	both single and twenty cycle overloads create a visible "step" 
on the surface. 	These features are most readily seen when the difference 
between 	and 6K is large. At lower values of nL/nEI the fracture 
surface assumes a more uniform appearance as a result of the frequent 
overloads. When 	is less than 50 the surface cannot be distinguished 
from that produced by uninterrupted loading at the AL level. Figure 
55 shows full width fracture surfaces resulting from different 
dynamic overload conditions applied when 	= 30 	_3,12• 	The "smooth" 
fracture surface associated with this dynamic stress intensity optimises 
the visibility of features created by the overloads. 	Figure 5.6 shows 
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the surface produced when 	= 50MNrn_2 and 	= 130 MNm_3/2. 
The difference, AKH - 
	is the same as for the surface shown 
in Figure 5.5(b). The increased relief associated with the higher 
value of KL  is seen to reduce the clarity-of the overload features; 
this apart, the two surfaces are seen to be generally similar. 	At 
higher values of 	the influence of overloads becomes even less 
- 	distinct, Figure 5.7 shows the effect of two overload conditions 
applied when AKL = 7OMNm_3/2. 	The resulting features are seen to be 
less clear than in the previous figures as a result of the general 
increase in surface roughness associated with the prevailing value of 
The trend is for the facture surfaces to assume a more uniform 
appearance as the value of 	is increased. 
Optical examination of the fracture surfaces produced under 3 and 
8 level block loading conditions was not very rewarding. Figure 5.8 
shows the fracture surfaces produced by the different three level 
sequences detailed in section 4.2.5. 	Parts (a), (b) and (c) of the 
figure present the surfaces created under constant mean stress intensity 
conditions. 	As one would expect the longer repetition period of the 
low-high--low sequence is seen to produce a more distinctly marked 
surface than those created by the other two regimes. 	For tests,under 
conditions of constant K . the different load regimes were applied mm 
sequentially at the same 	value. Figure 5.8) shows the surface 
that resulted; the various loading conditions are detailed at the edge 
of.the photograph. 	It is possible to identify some of the low-high- 
low sequences from the more pronounced markings on the fracture surface. 
This apart, the surface produced under constant K - min conditions is 
notable only for its uniformity. 
Very little difference is detectable between the fracture surfaces 
produced under 3 and 8 level block loading conditions. 	Figure 5.9 
shows the results of 8 block tests performed under conditions of both 
constant 	(5.9(a)) and constant Kmjn (5.9(b)). 	Details of the loading 
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is characteristic of the prevailing LK conditions. 
The block loading conditions used in the present study also had a 
repetative nature. 	The periodicity of the load sequence can some- 
times be distinguished in the scanning electron microscope. 	When 
actually operating the instrument the observer has the advantage 
of being able to continuously vary the magnification used, thus 
micro-features, such as individual striations, can be correlated with 
the macro-appearance of the fracture surface. 	Figures 5.16(a) and 
(b) exemplify this procedure. 	Consider first the general appearance 
of part (a) of the figure. 	A distinct "dark" vertical band approximately 
3mm wide is seen a quarter of the way across the photograph from the 
left. 	Similar but less well defined bands can be seen at the centre 
and three quarters right positions. 	Do these represent the load 
periodicity? The problem was resolved by higher magnification studies 
of the bands. 	Part (b) of the figure shows one of the bands at 
higher magnification. At the top left is a small region of particularly 
clear striations, indicated "S", which stop abruptly at a definite 
vertical break line. 	The striations, which are typical of high dynamic 
loading conditions, can be seen both above and below The indicated area. 
The region ("L") immediately to the right of the line has no apparent 
striations, (confirmed. at even higher magnification), and is generally 
typical of crack growth under low dynamic loads. 	Thus, with the prior 
knowledge that the region was formed under a "lowhagh" three level 
block loading sequence, the vertical break line in Figure 5.16(b) can 
be positively identified as the high/low load discontinuity. 	Examination 
of several such regions positively identifies the "bands" seen in part (a) 
of the figure as the product of the lowest load block of the three level 
sequence. 	Thus the periodicity of the sequence may be measured from 
the mi'crograph and compared with the growth rate deduced from ultrasonic 
macro-growth measurements. 
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The eight level block load sequences investigated posed similar 
problems of identification. 	The test sequence meant that the prevailing 
loading conditions had in part to be deduced from the fractographs. 
Figure 5.18 shows a case where this was successfully achieved. 
Part (c) of the figure is outwardly uniform in appearance. 	However, 
closer examination reveals a possible "break" line at the centre; 
striations may be seen to the left and right but not in the central 
section. 	Part (d) of the figure shows the left hand half of the 
previous photograph at a higher magnification. A clear sequence of 
increasingly distinct striations can be seen leading up to a "break" 
line at the extreme right of the photograph. Thus the 8 level load 
sequence can be positively identified as being of the "low-high" type. 
The above constitutes a brief introduction to the SEN examination 
of Q1 (N) fracture surfaces. A detailed description of the influence 
of different load sequences is given in the sections that follow. 
5.4.2 Fracture surfaces created by simple loading conditions 
A brief survey was made of the fracture surfaces created under 
conditions of constant dynamic stress intensity. 	Figure 5.10 shows 
typical micrographs of surfaces produced at five different values of 
AK. 	The pairs (a)/(b), (c)/(d), (e)/(f) of the figure show that 
the topography was much less influenced by mean stress intensity than 
by the dynamic loading conditions. 	The extremely "broken" appearance 
of the fracture surfaces shown in the figure is typical of those 
examined by the author. 	It is important to appreciate that where 
striations existed as very clear features, e.g. Figure 5.10(j), the 
regularity was localised, the overall picture was more confused, e.g. 
5.10(1). 	Fatigue striations were readily identified on fracture 
surfaces produced at the higher AK values investigated. Under lower 
dynamic stress intensity conditions the surfaces were more broken and 
showed fewer regions of clearly defined markings. 	Measurements of 
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striation spacings indicated a "one to one" correspondence with the 
applied load cycles. 	The fracture surfaôe created at a dynamic stress 
intensity of 25MNm3/2, the lowest value of AK investigated, 
exhibited no characteristic fatigue features; instead poorly defined 
markings lying parallel to the direction of crack growth were 
observed; (see Figure 5.10(a)). 
SEN examination of fracture surfaces produced by dynamic overload 
conditions has been concentrated principally on those tests in which 
was 30MNm_3/2. 	The tests were conducted at a constant mean 
stress intensity of 100MNm_312. 	The fracture surface associated with 
these conditions, in the absence of any overloads, is shom in Figure 
5.11. 	It has a generally broken and irregular appearance having no 
significant areas of clear striations or other markings. 	The effect 
of a single overload, cycle is shom in Figure 5.12(a) and (b), whilst 
part (c) of the same figure shows the result of a 20 cycle overload 
sequence. For both overload conditions AKE  was 110MNm_312; these 
are the same conditions that produced the surface shown in Figure 
5.5(b) where 'both single and multiple overloads were seen to produce 
optically resolvable "steps" at high values of 	The marked 
difference between the two overload steps is clearly seen from the SEN 
micrographs. 	The 20 cycle regime results in a clearly striated zone 
in which a pronounced secondary crack is located. 	It is interesting 
to note that the well defined "step" that results from a single 
overload cycle is not seenat the start of the region damaged by the 
20 cycle sequence. Approximate measurement of the different features 
shows that the "damage area" associated with the 20 cycle condition 
extends only 3 to 4 times the distance of that resulting from the 
single cycle. 	The extent of the "damage area" produced by the single 
cycle is in good agreement with the predicted cyclic crack growth 
increment under the overload conditions applied. 	No features were 
observed to distinguish the post-overload fracture surface from the 
-161- 
equilibrium appearance shown in Figure 5.11. 
Figure 5.13 shows the fracture surface that results from multiple 
repetition of a single overload cycle. 	The sequence shows how the 
surface appearance changes as the interval between overloads is 
reduced. 	Where the overloads are isolated they produce the features 
shown in Figure 5.13(a) and (b); the surface inbetween the overloads 
being typical of that produced under equilibrium AKL conditions. As 
the interval between overloads is reduced the low load growth region 
is progressively diminished until it cannot be detected at all. 
Figure 5.1 3(d) shows the surface when n1 = 1 and n = 1 ; even at 
higher magnifications no evidence of the alternate low load cycles 
is detectable. 	The appearance is typical of the surface produced 
under equilibrium AK11 conditions, c.f. Figure 5.10(h). 	Figure 5.14 
comprises a similar sequence of micrographs for periodic 20 cycle 
overloads. Again the low load growth region becomes increasingly 
indestinct as the ratio nL/nH is reduced. 	The final micrograph, 
(d), shows the surface created when nL = 209 nH = 20; the appearance 
is indistinguishable from that produced by constant amplitude loading 
at AK = AKH. 
Limited studies have been made of fracture surfaces created 
when dynamic overloads were applied to higher values of IIKL. The 
smaller difference between AKL  and Aiç together with the increased 
"roughness" of surfaces makes the features associated with the over.-
loads more difficult to identify. 	Parts (a) and (b) of Figure 5.15 
show the influence of a single cycle overload when AKL = 70NTm_3
1 '2 
and AK11 = 130MNm_3/2. Parts (c), (d) and (e) of the same figure 
show similar micrographsfor 20 cycle overload conditions. At 
these load levels single cycle overloads can be located at low 
magnifications when there is extensive growth between cycles, e.g. 
Figure 5.15(a). 	However, at higher magnifications or lower values of 
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nL/nH the point of overload application can no longer be detected. 
The 20 cycle overload sequence is more readily located at high values 
of nL/nH, however, it is seen from Figure 5.15(e) that the features can 
not be positively identified at low values of nL/nH. 	Broadly speaking 
the overload features produced at high values of XL  are similar to, 
but much less pronounced than those created at the lowest 	value 
used in this work. 
5.4.3 Fracture surfaces created under block loading condition 
Fracture surfaces produced under block loading conditions were 
difficult to study as a consequence of their extremely irregular 
appearance. 	The few features that did exist were most clearly 
seen at the lowest values of AK employed. 	Figure 5.16 shows typical 
fracture surfaces produced under 3 level, constant mean stress intensity 
conditions. 	Under "low-high" and "low-high-low" regimes the 
periodicity of the 3 block sequence can be seen at low magnifications, 
e.g. Figure 5.16(a) and (c). 	At higher magnifications the different 
load levels can sometimes be identified but it is not possible to 
accurately determine where the load changes occur. 	The "high-low" 
load sequence, Figure 5.16(e) and (f), produced a more "broken" 	- 
surface than the other two regimes. Neither the periodicity of the 
regime nor the effect of the different load levels could be detected. 
Testing under constant K 	condition prbducèd surfaces similarmin 
to those discussed above. 	Figure 5.17 shows typical surfaces for-each 
of the load sequences employed. 	None of the regimes produced a clear 
"periodicity" at low magnifications, at higher magnifications the 
effects of the different load levels could sometimes be identified. 
As with the constant mean stress intensity tests the extremely broken 
nature of the fracture surface prevented quantitative measurement of 
the crack extension occurring at each individual load level. 
-1 63- 
The fracture surfaces produced by jight level.block test 
sequences closely resemble those described above for three level 
tests. 	Figure 5.18 shows the surface created by the application 
of the "low-high" load sequence at constant mean stress intensity.. 
The "break line" that corresponds to the high-low load discontinuity 
can be seen quite clearly at the left of part (h) of the figure. 
(Striations are seen to give way to features lying parallel to the 
direction of propagation). Despite the ease with which this feature 
was located the surface did not exhibit a clear periodicity at lower 
magnifications. 	The fracture surfaces resulting from the two eight 
block constant K. test sequences were very similar in appearance. 
min 
Figures 5.18(c) and (d) show a particularly clearly marked region that 
was identified as corresponding to the "low-high" load sequence. 
In general, identification of individual regions was not possible; 
no"high-low" regions were positively located. 
5.4.4 Fracture surfaces created by monotonic failure 
An SEN examination was made of the surface of the sample used 
for the fracture toughness tests reported in section 4.1.4. Figure 5.19 
shows the fracture surface at the point corresponding to test number 3, 
(see Table 4.2). 	The test load sequence was: zero .'max _ zero; 
this fully reversed condition produced la "step-like" surface feature 
similar to that caused by a single dynamic overload, c.f. Figure 5.12(b). 
It is interesting to compare. the stretch zone produced under these two 
loading conditions with the appearance of a typical tensile failure 
produced by monotonically loading Qi (N) to failure. 	Figure 5.20 
shows the surface that results from loading to failure a CKS.specimen 
previously fatigue cracked to an a,4 value of 0.7. 	The crosshead 
displacement rate was 1mm per second. Figure 5.20(a) shows the zone 
of transition from fatigue to monotonic tensile failure; details of 
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the tensile region are shown in parts (b) and (c) of the figure. 
The highly "dimpled" appearance of this section of the fracture 
surface is in sharp contrast to the featureless stretch zones produced 
by single cycle overloads and the fracture toughness tests. 
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Figure 5.2 Higher magnification studies of the areas shown in Figure 5.1. 
Etch 3 NEO3 in glycerol. Namasci interference. 
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Figure 5.3 The influence of mean and dynamic stress intensity on the optical 
appearance of the fracture surface. 
The fracture surface shown in each photograph was created under conditions 
of constant dynamic stress intensity. 	In each case the mean stress intensity 
was periodically increased as the crack advanced. 	The horizontal lines in 
the lower part of (a) indicate the points at wiich K was increased. Similar, 
less well defined, "steps" can be seen in the other photographs. Thirteen 
different values of K were applied to create the surfaces shown in each 
photograph. 
Mean stress intensity values are given adjacent to the photographs. All 
photographs show the full fracture surface width. 
Magnification: All x 2.5 




Heavy arrows below photographs indicate the direction of crack growth 
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Figure 5.4 Examples of the "turmeiling" effect associated with reducuons 
of the mean stress intensity. 
Optical photographs of the full fracture surface width. 
Nagnification: Both x2.5. 
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Figure 5.5 Three examples of the effect of dynamic overloads on the fracture 
surface appearance. 
Optical photographs of the full fracture surface width. 
Magnification: All x2.5 
Each photograph shows a crack growth interval during which 	and 
were maintained constant. 	n and flJL  were varied; values are given to 
the right of the photographs where it was possible to identify the 
corresponding area of the fracture surface. 	The surfaces were created 
during the two level tests which were reported in Section 4.2.4. 
Loading Conditions: 
For all photographs: K = 100 MNm_3/2, AKL = 30 MNm_3/'2 
AK11  = 70 MNIn3/'2 
AK11  = 110 MNm_3/2 
AK11 = 150 NNm_3/2 
At top '1H 	1 
At bottom n11 = 20 
At top ri11 = 1 
At bottom n11 = 20 
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Figure 5.6 The effect of dynamic overloads on the appearance of the 
fracture surface when AKL = 50 MNIU_3/2. 
Optical photograph of the full fracture surface width. 
Magnification: x2. 5. 
As per figure 5.5 the values of n and n are indicated wherever it was 
possible to identify the corresponding area of the fracture surface. 
Loading conditions: 
K = 100 	 L = 50MNM73/2 	 = 130 m_3/2 
At top n11 = 1; at bottom n11 = 20. 
?igure 5.7 The effect of dynamic overloads on the appearance of the 
fracture surface when 	= 70 MThn-3/2  
Optical photograph of the full fracture surface width. 
Magnification: Both x2.5. 
As per Figure 5.5 the values of n1 and n are indicated wherever it was 
possible to identify the corresponding area of the fracture surface. 
Loading conditions: 
For both photographs: K = 100 MNm73/2, 	= 70 MNm_312 
ll = 110 iim_3/2 	At top n = 1 
At bottom n11 = 20 
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Figure 5.8 Appearance of fracture surfaces created by 3 level block 
loading regimes 
Optical photographs of full fracture surface width. 
Magnification: All x2.5. 
See Figure 4.29 for the load sequences and notation. 
"Low-high" sequence. K constant at 100 INm_3/2.  Four values of 
as indicated at the right of the photograph. 
"Low-high-low" sequence. K constant at 100 MNm_3/2.  Five values of 
AK as indicated at the right of the photograph. 
"High-low" sequence. K constant at 100 MNm_3/2.  Five values of AK 
as indicated at the right of the photograph. 
3 block tests at constant K mm . K min = 20 MNm_3/2. 3 load sequences 
were used, see Figure 4.29 	At each value of 	the sequences were 
applied successively; AK was then increased and each sequence was re-
applied. The fracture surface is too uniform to permit identification 
of the area of growth corresponding to each loading condition. 
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. 	 LoaI Sequences: 
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Figure 5.9 Appearance of fracture surfaces created by 8 level block 
loading regimes 
Optical photographs of full fracture surface width. 
Magnification: Both x2.5. 
See Figure 4.31 for the load sequences and notation. 
"Low-high" sequence. K constant at 100 MNm3/2. 	This was the only 
sequence investigated under 8 level, constant K conditions. 	7 values 
of AK were investigated in order of increasing magnitude; the 
corresponding areas are indicated, as far as possible, to the right 
of the photograph. 
"Low-high" and "high-low" sequences at constant K.. 
K 	= 20 NNm_3/2. 
mm 
5 levels of AK were investigated in order of increasing magnitude. 
The two block load sequences were successively applied at each level. 
It is not generally possible to identify the growth area corresponding 
to each loading condition. 	Those areas which have been identified 
are indicated to the right of the photograph. 
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Figure 5.10 Ten SEM fractographs showing the effect of K and AK on 
fracture surface appearance. 
Magnifications are given below the individual micrographs. 
Loading Conditions: 
 AX = 25, K = 14 MNm_3'2 
 AK = 25, K = 150 MNm_3'2 
 AK = 56, i = 53 MNIn_31"2 
 AK = 56, K = 150 MNm3/2 
 AK = 80, = 85 MNm3/2 
 AK = 80, K = 180 NN1n3'2 
NOTE 
Reavy arrows below photographs indicate the direction of crack growth. 
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Figure 5.10 (continued) 
Loading conditions: 
K = 110, 	K = 100 im_3/2 
 Detail from (g) at higher magnification 
1) AK = 150, K = 100 	MNm_3/2 
j) AK = 150, K = 100 MNm_3/2 
Figure 5.11 Fracture surface appearance at AK = 30, 7 = 100 
These are the 	conditions applied in the dynamic over- 
load tests thoe C: 	t: 	rfa: -Carc? Lo:n a the 1'J 
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Figure 5.12 Dynamic overload tcts. Fracture surfaces resulting from 
the tests reported in Section 4.2.4. 
Loading conditions: 
= 100 'L = 30, AKH  = 110 NNffl_3/2 
a) n11 = 1; 	b) Detail from (a) at higher magnification 
C) n = 20, note the striations similar to Figure 5.10h and the apparent 
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1 V The fracture uurface ruuiting ir urn thu repetitive 
application of a single dynamic overload cycle, (n 11=i). 
V. 	 fractographs is shown for different values of 
the ratio is reduced the features produced by the overload became 
us distinct. 
oading conditions for all micrographs: 
= 30, AK = 110 MNm3/2 	= 
= 1300, b) n1 = 480, c) n1 = 60, d) n1 = 1 
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Figure 5.14 The fracture surface resilting from 20 cycle dmamic 
overload conditions. 
fractographs is shown for different values of 
iIe ratio is reduced the features produced by the overload cycles become 
.ItS5 clear. 
Loading conditions for all micrographs: 
= 100, AK = 30 m-3/2 	= 20 
= 90 MNm_3'2;  From the left the intervals (111) between 
riu 	 3200, 2650, 2200, 1800, 1500 and 1250 cycles. 
L1 	
- -3/2, flL = 420. 
= 110 MNm_3/2, L = 80. 
= 110 MNm73/2,flL = 20. 
-185- 
Figure 5.15 Fracture surfaces produced by dynamic overload tests when 
= 70 
Loading conditions for all micrographs: 
K = 100, AXL = 70, AKH = 130 m_3/2 . 
nL=48O,nH=l 
The overload features are just resolvable at this magnification. 
(The heavy line at the right is a scribe line). 
Part of (a) at higher magnification. 
The overload features could not be identified at this and higher 
magnifications. 
n1 = 1600, nB=2O 
FeaturED produced by 20 cycle overloads are seen distinctly at 
intervals of approximately 17mm in the micrograph. 
Part of (c) at higher magnification. 
Shows a single overload "step" at the centre. 
n
L  = 80, '1H = 20. 
Macro crack growth measurements indicate that the load sequence is 
repeated approximately every 180pm, this is equivalent to 15mm on the 
micrograph. Some but not all of the overload regions can be 
distinguished. It is noticable that the overload sequence does not 
result in a "step" of the type seen in (c) and (d). 
NOTE 
Heavy arrows below the photographs indicate the direction of crack growth. 
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Figure 5.16 Fracture surfaces resulting from thiee level constant K, block 
loading 
See Figure 4.29 for load sequences and notation. 
a)* "Low-high" sequence. K = 100, AK = 82 NNm3/2.  The "periodicity" 
of the load sequence is clearly seen (arrowed) at intervals of 
approximately 15mm in the micrograph, this is equivalent to 100pm 
on the fracture surface. 
) Load as per (a). 
The "period" of the load sequence is equivalent to approximately 40mm 
in the micrograph. 	A high to low change is visible to the left of 
centre. 
"Low-high-low" sequence K = 100, ZINK P  = 82 MNm_3/2. 
The "period.icity" of the load sequence can be seen at intervals of 
approximately 15mm in the micrograph, this is equivalent to lSOpm on 
the fracture surface. (See note below re "periodicity".) 
Load as per W. 
The period of the load sequence is equivalent to approximately 75mm 
at this magnification. 
"High-low" sequence. K = 100, 	= 82 MNm_3/2. 
This load sequence results in the least distinct marking of the 
fracture surface. 	The periodicity of the sequence is 6mm in the 
micrograph, this is equivalent to 78pin on the fracture surface. 
Load as per (e) 
The "period" of the load sequence is 30mm in the micrograph. 
The fracture surface is again seen to have no distinctive features. 
Notes: * The symbols in parts (a) and (b) of the figure are referred to 
in the explanatory part of the text, Section 5.4.1. 
** "Periodicity" has been used above to describe the interval 
over which the load sequence repeats itself. 	Reference to 
Figure 4.29 shows that this is three load blocks for the "low-high" 
and "high.-low" regimes. 	The "low-high-low" sequence has a 
periodicity of six load blocks, i.e. twice that of the other 
regimes. 
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Figure 5.17 Fracture surfaces resulting from 3 level, constant K., 
block loading 
See Figure 4.29 for load sequences and notation. 
"Low-high" sequence. K. = 20, AK = 121 4Nm_3/2. 	The 
periodicity of the sequeuce can be seen at intervals of 30 mm in 
the rnicrograph, this is equivalent to 180 pm on the fracture 
surface. 
Load as per (a). 
Shows a typical area at higher magnification. The period of the 
load sequence is approximately 75mm at this magnification. 
"Low-high-low" sequence. K. = 20, 	133 MNm_3/2. 
This load sequence results in a distinctly marked fracture surface. 
The "periodicity" is seen to be approximately 50mm in the 
micrograph, this is equivalent to 300pm on the fracture surface. 
Load as per (c). 
Shows part of (c) at higher magnification. 	The surface to the 
left was created under the lowest dynamic stress intensity (AK 1 = 
53 M 1 ) the striations to the right were formed at the 
interediate level of AK,(AK 2 = 94 
"High-low" sequence. Kmin = 20, 	= 130 irrm_3/2. 
The surface created at AK can be seen on either side of the centre 
line of the micrograph. 	The period is seen to be approximately 30mm, 
this is equivalent to 195pin on the fracture surface. 
Load as per (e). 
The load sequence can be distinguished in this microraph. 	The low 
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Figure 5.18 Fracture surfaces resulting from 8 level block loading 
See Figure 4.31 for load sequences and notation. 
Constant K; "low-high" sequence. K = 100, AK = 103 MN m_3/2 
Macro crack growth measurements predict a period of approximately 
120pm for these loading conditions. 	This is equivalent to 20mm 
in the micrograph. Features consistent with this interval can be 
seen,through the points at which changes in AK occurred are not 
readily distinguished. 
Load as per (a). 
Part of (a) at higher magnification. Parts of the load sequence can 
be distinguished in this region. 	The "periodicity" at this 
magnification is approximately 50mm. 
Constant K mm . tLow_high!I sequence. K man = 2, AK
p  = 140 
The periodicity predicted from macro-growth measurements is approximately 
250pm which is equivalent to 21mm in the raicrograph. The extent of 
the "band" seen at the centre agrees well with this interval; however 
elsewhere the periodicity of this surface was not readily determined. 
Load as per (c). 
Part of (c) at higher magnification. The "periodicity" at this 
magnification is approximately 106mm. Striations of different 
spacing are seen but it is not generally possible to identify the 
points at which AK was changed. 
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Figure 5.19 Fracture toughness tusts. 
Three views of the "stretch zone" produced 













( a ) :r4 	Fatigue crack surface at 
left of centre, "stretch" zone and 
dimpled tensile failure at right. 
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) x860. rai - t of (b) at higher 
magnification, shows the complex 
"dimple" pattern typical of tensile 
failure. 
Figure 5.20 The micrographs show the distinctive appearance of 
the Qi (N) fracture surface when tensile failure occurs 
under monotonic loading. The surface shom was 




6.1 The Application of Fracture Mechanics to Qi (N) 
6.1.1 Preamble 
All crack growth rates determined in the present study have 
been correlated against the prevailing crack tip stress intensity 
conditions. 	This is consistent with the current trend in published 
literature. 	The overall significance of this and other work is 
therefore critically influenced by the validity of using the stress 
intensity parameter under cyclic loading conditions. 	It is 
particularly notable that no "validityt' criteria, equivalent to 
those employed in fracture toughness testing, are imposed on the 
fracture mechanics analyses of fatigue test conditions. 	The 
applicability of the stress intensity parameter to crack growth in 
Q1(N) will therefore be considered before the detailed results of 
the author's work are discussed. 
The potential restrictions on the use of the stress intensity 
parameter are a direct consequence of the modifications that are 
necessarily made to Irwin's linear elastic analysis in order to 
accommodate the reality of crack tip yielding. The development of the 
"small scale yielding" solution for crack tip stress intensity was 
outlined in Chapter 2. 	It is the extent to which the approximations 
involved remain acceptably accurate that is crucial to estab]ishing 
the validity of using the stress intensity parameter for the analysis 
-1 96- 
of crack tip conditions in relatively tugh materials. Theoretical 
consideration of the conditions under which the small scale yielding 
analysis becomes invalid are, at best,semi-quantitative. No precise 
model of crack tip stress distributions is available for comparison 
with the predictions of the. fracture mechanics analyses. Rice's [22] 
work concerning plasticity under mode III crack opening conditions 
was reviewed in Section 2.2.3. 	His results indicated that the 
approximations inherent in the "small scale yielding" approach were 
acceptable whilst the nett section stress remained below 0.4a yS for 
nionotonic loading; this limit was extended to O.% for cyclic 
loading conditions. 	As these limit 3 are not applicable to mode I 
opening and no equivalent values are available it has been necessary 
to make empirical assessments of the stress intensity parameter's 
suitability for use in both fracture toughness testing and fatigue 
crack growth studies. 
6.1.2 General limitations of fracture mechanics when applied to 
statically loaded cracks 
The recent development of standard procedures for plane strain 
fracture toughness testing in both Britain [iiij and the USA [112] 
has resulted in extensive experimental investigation of the loading 
conditions for which the stress intensity parameter, K 1 ,and its 
critical value K 1 , are valid. 	Extensive restrictions regarding 
specimen geometry and load application have necessarily been 
formulated for fracture toughness testing in order to ensure that 
K1 determinations represent a genuine material property. 	The 
experimental procedures are dominated br the necessity to achieve 
nominal plane strain conditions during testing. 	The requirement 
results from the complicated way in which the fracture toughness of 
a given material varies with the specimen thickness. 	Figure 6.1 
shows a toughness characteristic determined for 7075 Al alloy. 	It 
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is seen that in order to obtain a "thickness independent" value for 
the fracture toughness it is necessary to test sectionswhose 
thickness lies to the right of the figure. 	A lower limit of the 
allowable test piece thickness has been evolved from practical 
investigations of its effect on K 1 in a wide range of alloys 
[113,114]. 	In both the British and ASTM standards the requirement 
is that: 
	
B > 2.5 (!)2 	 (6.1) 
Ys 
In 
It is important to emphasise that this restriction is justified on 
a purely empirical basis, it simply represents a minimum thiclrness 
above which the fracture toughness is generally found to be independent 
of B. 	The criterion has no analytical significance with regard to 
the state of stress at the crack tip. 	Before the above discussion 
is extended to cyclic loading conditions it is worth considering 
the restrictions that are placed on net section stresses in the 
standard fracture toughness tests. 
Although the standard Kic test procedures do not specifically 
define an upper limit for the allowable maximum, nominal ligament 
stress the various geometrical restrictions implicitly control 
this parameter. 	For the CKS sample the analysis outlined by Katcher 
[115] may be used to relate the nominal stress conditions in the 
uncracked ligament to the applied stress intensity. 	Referring to 
Figure 6.2 the nominqi stress at the crack tip is given by: 
P Mc 
=-+- 	 62 max A I 
where A, I and c pertain to the uncracked ligament. Appropriate 
substitution and rearrangement yields: 
K1W 2 	3(W+a) 
umax = 	[i + (w-a) 	
(6.3) 
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Using this approach it may be shown that, in the case of CKS samples, 
the standard test procedures limit the value of a 
max 
 to approximately 
95% of the material's yield strength. A similar calculation for 
the three point bend specimen indicates that the limit is lower; 
the value is approximately 74% of 	The geometrical restrictions 
that define the above limits have been determined by the same empirical 
approach from which the thickness requirement was evolved. 
Scrutiny of the various factors that influenced the foiulation 
of these restrictions indicates that the nominal ligament stress at 
the crack tip was not a primary influence; other considerations 
were dominit. 	Thus the maximum ligament stress attainable at the 
crack tip during standard Kic testing does not represent the point 
at which the stress intensity parameter ceases to be applicable. 
The present author is not aware of any investigations which have 
sought to define such a limit. 	One interesting result can be 
deduced from the data presented by Brown and Srawley [116]. 	They 
examined the influence of the uncracked ligament length on the apparent 
fracture toughness of a maraging steel tested in pure bending. 
A summary of their results is presented in Figure 6.3; the nominal 
crack tip ligament stresses, as calculated by the present author, 
are also shown. 	The data points at the right of the figure correspond 
to tests that were "valid" by the criteria of the standard procedure. 
It can be seen that the tests performed on samples having very much 
smaller ligaments yielded identical values of the apparent fracture 
toughness. 	It is particularly notable that the nominal crack tip 
ligament stress was nearly 1 	for the data points at theYS 
of Figure 6.3. 	The authors' remarks, regarding the linearity of 
the load/COD record, confirm that the gross yielding predicted for 
these loading conditions did indeed occur. 
The interesting point about the reanalysis of this series of 
tests is that the apparent fracture toughness determined under gross 
-1 99- 
yielding conditions was identical to that obtained from "valid" 
standard K 1 tests. Although only a very limited amount of data 
is involved the observations do throw considerable doubt on the 
normally held view that for the stress intensity parameter to be 
applicable it is necessary to prevent the net section stress 
exceeding the material's yield stress. 	It is reasoned that if this 
restriction is not applied there is no effective constraint placed 
upon the crack tip plastic zone, the consequent gross plasticity 
invalidates the assumptions of small scale yielding fracture 
mechanics, with the result that the use of the stress intensity parameter 
is inappropriate. 	This argument is easily supported for loading 
configurations in which the nominal net section stress is uniform. 
However it would appear from the above discussion that when the 
uncracked ligament is subjected to bending or as with the CKS 
sample a combination of bending and tension, higher nominal crack 
tip stresses may be tolerated. 	It is reasonable to suggest that 
under these conditions the tension/compression gradient of the 
nominal stress ahead of the crack tip imposes an additional constraint 
on the development of the plastic zone. Certainly, purely elastic cond-
itions will prevail in the central section of the ligament. 	It may 
be that under these conditions the stress intensity parameter is 
genuinely applicable at nominal crack tip stresses in excess of those 
that may be permitted when the ligament is subjected to "uniform" 
loading. 
The foregoing discussion may be summarised as follows. 	From 
a theoretical standpoint use of the stress intensity parameter is 
only correct when the inherent assumptions of the "small scale 
yielding" model are not invalidated by extensive, unrestrained crack 
tip yielding. 	There are two distinct factors that influence the 
extent of crack tip plasticity. 	These are; firstly, the through 
thic]mess constraint that gives rise to the distinction between plane 
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strain and plane stress; and secondly, the influence of the prevailing 
ligament stress in preventing the plastic zone extending excessively 
ahead of the crack tip. 	In practice the first mentioned effect is 
found to have the more critical influence on the fracture toughness 
of a given material. 	Standard fracture toughness tests have 
therefore of necessity been limited to nominal plane strain conditions. 
6.1 .3 General limitations of fracture mechanics when applied to 
cyclically loaded cracks 
The foregoing discussion provides valuable guide lines for 
assessing the applicability of fracture mechanics to the analysis 
of fatigue crack propagation. 	Validity criteria, similar to those 
applied in fracture toughness testing, are required for fatigue tests 
in order to ensure that the crack propagation characteristics determined 
in any investigation are tru9 representative of the material 
properties and not simply a product of the specimen geometry and 
the loading configuration adopted. 	The argument is as follows. 
Flaw growth under fatigue loading is considered to be primarily 
influenced by the prevailing crack tip strain conditions [117]. 
These conditions are directly related to the existing stress state 
which in theory may be most adequately defined by the stress intensity 
approach of fracture mechanics. 	The generality of this approach. 
has been well demonstrated by Frost et al [38]. 	In realistic 
materials use of the stress intensity parameter will be invalidated 
when excessive crack tip plasticity occurs. 	From the point of view 
of the present study it is important to determine whether or not the 
tests that have been performed were sufficiently independent of 
geometrical influences to be considered "valid". As no formal 
criteria exist which are comparable to those embodied in the standard 
K1 test procedures, it is necessary to make a fundamental assessment 
of the acceptable fatigue test conditions. 	The initial discussion 
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may be generalised advantageously; specific details concerning 
Qi (N) will follow later. 
Consideration of crack tip yielding under cyclic loading 
conditions is complicated by the dual nature of the deformation 
that occurs. 	The distinction between monotonic and cyclic yielding 
at the tip of a fatigue crack was made in Chapter 2. 	To a first 
approximation it is considered that material that has yielded 
monotonically thereafter behaves elastically. 	Thus cyclic deformation 
is limited to the relatively smaller reversed zone at the crack tip. 
The benefit of this situation is reflected by Rice's consideration 
of mode III loading [22],'he showed that under cyclic loading net 
section stresses could rise to twice the acceptable, monotonic 
level without invalidating the use of the dynamic stress intensity 
parameter (AK). However it is generally not possible to make 
theoretical predictions of "valid" conditions for the application 
of fracture mechanics to fatigue. - Thus, as with fracture toughness 
testing, empirical criteria must be invoked. 	Furthermore the same 
two effects that were critical for monotonic loading will again be 
of importance; these are the influence of the through thickness 
constraint and the net section stress. 
Thickness effects in fatigue are not clearly defined. There 
are two influences to be considered. 	Firstly it is observed that 
growing cracks may be inclined to the princip4 applied stress. 
A typical condition is shown schematically in Figure 6.4. 	Although 
a crack may be initiated perpendicular to the prevailing princip4 
stress there is a tendency for the plane of fracture to rotate as 
shown in the figure. 	The cause of the reorientation is not clearly 
understood, however it would seem to be a complex interrelation of 
thickness and the loading conditions [118,119]. 	In the inclined 
condition the mode of crack opening is mixed and it is probable 
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that in thin materials some localised buckling occurs at the crack. 
tip [120]. 	Theoretically the mode I stress intensity parameter 
is not applicable to a crack growing in this complex manner. 
Hoiever in practice the transition is often ignored and crack 
growth rates for both flat and shear mode failures are presented 
in terms of the mode I parameter. 	It is not clear if crack growth 
rates are influenced by the change in fracture plane geometry. 
The results of several investigations of the effect are inconclusive 
[118,119,121]. 	Crack growth transition has been empirically 
associated with accelerated damage in a wide range of materials [38]. 
However, it has been suggested that the increased rate of crack 
growth was principally influenced by the net section stress; this 
possibility will be considered later. 	Meanwhile the point to be 
noted is that as a direct result of its influence on crack plane 
geometry the specimen thickness may indirectly determine the 
equilibrium growth rate at a given value of /K. 
Specimen thickness may also influence the micro-mechanisms of 
crack extension. 	This matter has been well reviewed by Richards 
and Lind].ey [122]. 	It is clear that certain mechanisms are favoured 
by the existence of a highly triaxial stress field. 	There are two 
manifestations of the effect. Firstly a change in the through 
thickness dimension may cause a change in the operative mechanisms 
of crack extension, this may be either a change in the relative 
importance of two competing mechanisms [54] or a wholesale change 
from one growth process to another [122]. 	The second possibility 
is that the basic process by which crack extension occurs may be 
sensitiv'e to the triaxial: of the applied stress condition, thus 
a change in thickness causes a change in the growth rate, without 
involving a simultaneous change in the mechanism of growbh. Richards 
and Lindley have considered the influence of thickness on the commonly 
observed growth mechanisms. 	They conclude that cracks growing' by 
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mode I striation formation are generally not sensitive to the 
prevailing, specimen thickness. 	Other growth mechanisms, e.g. 
micro-cleavage, void coelescence and intergranular separation are 
more sensitive to the prevailing stress conditions and may not 
therefore be considered to yield growth rates that are independent 
of the sample thickness. 	It is not clear what particular feature 
of the striation mechanism results in the anomolous thickness 
independence of the associated growth rates. 
Turning now to the effect of net section stress; the value 
of this parameter that invalidates the use, of the stress intensiLy 
approach in fatigue is not clearly defined. 	In principle the 
factors to be considered are the same as those previously discussed 
with respect to monotonic loading. 	The problem is to determine 
the level of net section stress at which the elastic field ahead 
of the crack is no longer adequately defined by K, or in the case 
of fatigue L.K. 	As in the case •of inonotonic loading, extensive 
crack tip plasticity is expected to invalidate the stress intensity 
analysis. 	The theoretical approach to plastic deformation under 
cyclic loading was reviewed in Chapter 2. 	The important conclusion 
reached was that material that yields monotonically will thereafter 
behave elastically unless the local stress range exceeds 2 yS * . 
Thus it was concluded that under fatigue conditions the nominal crack 
tip stress may approach 2a before extensive cyclic plasticity isYS 
expected. Furthermore it will be remembered that when the uncracked 
ligament was subjected to bending, meaningful values of K 10 were 
obtained at npminal crack tip stresses in excess of a . 	It was 
suggested that this was a consequence of crack tip plasticity being 
* 
More accurately the value is twice the cyclic yield stress, the 
distinction has been ignored for the sake of simplicity. 
I 
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restricted by the stress distribution associated with bending. 
If a similar benefit is obtained under fatigue conditions It is 
possible that the nominal cyclic ligament stress may, in the case 
of bend specimens, exceed 2a without invalidating the use of theYS 
stress intensity parameter. A further implication of the suggestion 
is that specimens in which the nominal ligament stress is uniformly 
tensile would be subject to a lower acceptable limit of Acnet. 
From the practical point of view no satisfactory limits have 
been established to define stress levels in the uncracked ligament 
which are compatible with fracture mechanics analyses. Nominal 
crack tip stress conditions are normally not reported when crack 
growth rates are presented as a function of the applied stress intensity. 
Although some workers [38, 115] have regarded nominal stress levels 
in excess of 0.8c 	as potentially invalidating the stressYS 
intensity analysis, the work of Richards and Lindley [122] indicates 
that higher values of a' are generally acceptable. 	It is possible 
that some misunderètanding of the influence of monotonic yielding 
occurred during the early development of the application of fracture 
mechanics to fatigue studies. 	In the extensive tests performed 
on centre cracked sheets of thin ((5mm) materials "accelerated" 
crack growth was frequently observed at the higher crack lengths 
which coincided with the approach. of a 
max to a YS 	It was also 
under these conditions, that the crack plane was likely to rotate from 
mode I opening to a 450  shear configuration, with the result that 
the K 1 parameter'was no longer strictly applicable. 	These difficulties 
were compounded into a general suspicion of crack growth rates 
determined under conditions which involved monotonic yielding in the 
net section. 	More recent considerations [122] indicate that a less 
severe limitation on crack tip stress conditions is probably 
acceptable, though the present author is unaware of any systematic 
study of the influence the nominal ligament stress on cracks 
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propagating under constant stress intensity conditions. 	Until 
such an investigation is completed the present difficulties with 
regard to the influence of net section stress will persist. 
In summary it may be stated that it is not clear at what 
level of nominal crack tip stress the stress intensity parameter is 
invalidated for the correlation of fatigue crack growth rate data. 
"Accelerated" growth rates have been reported for conditions where 
max approaches a 
YS
. 	However, it is not clear if this effect 
results from a material property or if it is a manifestation of 
"invalid" use of the stress intensity concept. 	The distinction 
is complicated by the possible influences of crack plane rotation, 
and the different specimen geometries that have been employed. 
6.1 .4 Assessment of the validity of employing fracture mechanics 
in the present study 
With regard to the present investigation it is not necessary 
to justify the general reasons for presenting fatigue crack growth 
rate data in terms of fracture mechanics parameters. 	These matters 
are well reviewed by Johnson and Paris [123], further support for the 
approach may be inferred for the widespread use of the stress intensity 
parameter in current fatigue literature. 	What is not self evident 
is if any of the particular conditions pertaining to the present 
study invalidate the use of fracture mechanics. A formalised 
approach to this problem has been proposed by Katcher [115] who 
placed restrictions on the crack tip stress conditions in terms of 
a minimum specimen thickness and a maximum permissible value of the 
nominal stress. 	The latter restriction simply limited a max,in  his 
CKS specimens, to values below 0.8a 	 This condition, developed
YS 
at North American Rockwell, is even more restrictive than the 
requirements of the standa±d Ki  test procedures. 	With regard to 
thickness the intention was to ensure that "plane strain" conditions 
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prevailed at the crack tip. 	The ASTM Chickness requirement for 
plane strain fracture tougimess testing was therefore modified from 
K 2 
•B > 2.5( a  ) 	 (6.1) restated 
- 	 Ys 
to yield a maximum permissible stress intensity condition, viz: 
K( I JB/2.5YS 
	
(6.4) 
The assumptions of this transformation are clearly erroneous. 
The final condition implies that for a given sample plane s,train 
conditions prevail up to a critical value of K, K max , which is 
a function of the thickness, B. In practice the proportionate 
nature of an elastic stress field is such that at a given thickness 
the balance between "plane stress" and "plane strain" will be 
independent of the prevailing value of K. 	If the original, and 
more correct, ASTN criteria is applied to Katcher's tests two of 
the four materials tested are found to have been too thin. However, 
the empirical nature of the ASTN thickness criteria has already 
been emphasised; there is not direct justification for its use under 
fatigue conditions. 
The difficulties associated with fornialising validity criteria 
are thus well demonstrated. 	The restrictions of the above 
approach are particularly acute in the case of tough materials 
having a low value of the ratio KQ/ys. 	For Qi (N) a more flexible 
approach is required. 	Consider first the thickness requirement. 
Preliminary tests performed by Evans and Taylor at NPL [55] indicated 
that crack growth rates were independent of thickness over the range 
15 to 25mm. 	Furthermore Pigure 4.6 demonstrates the excellent 
agreement between their results on 13mm thick samples and those from 
the present author's 35mm thick material. 	Thus it would appear 
that specimen thickness is not a primary variable under the conditions 
of the present investigation. 	This conclusion is supported by 
consideration of the crack growth mechanism. 	The appearance of 
Q1 (N) fracture surfaces examined at NPL was characteristic of crack 
growth by a striation forming mechanism. 	Furthermore all the present 
author's tests yielded fracture surfaces that were consistent with 
this failure mechanism. 	Reference to the work of Richards and 
Lindley [122] indicates that this type of fracture surface is 
associated with thickness independent growth rates. 	The final 
point tobe made with regard to the thickness concerns the 
orientation of the fracture surface to the prinôipGLstress direction. 
In all the Edinburgh tests the crack plane remained essentially 
normal to the load axis. 	From this it may be inferred that the 
specimen thickness did not lie in a "sensitive region" as crack 
plane rotation, giving growth by mixed modes, is associated with 
critical values of the applied load and specimen thickness [118, 
119]. 	More obviously it maybe stated that as the crack plane was 
consistently normal to the load axis use of the mode I stress 
intensity parameter was at no'time invalidated by the occurrence of 
mixed mode crack tip deformation. 
The above discussion establishes that the crack growth rates 
determined in the present study were substantially independent of 
the prevailing specimen thickness. 	The potential problems 
associated with the maximum ligament stress are less readily resolved. 
Reference has already been made to the possibility of crack growth 
rates being influenced by static yielding of the uncracked ligament. 
Some insight into this problem can be gained from the present 
author's study of mean stress effects. 	It is possible to separate 
the data originally presented in Figure 4.4 into three catagories, 
according to the nominal stress conditions in the uncracked ligament. 
The different catgories are defined by the uppermost pair of data 
lines in Figure 6.5. 	In each case the stress intensity 
characteristic of the 254mm, Edinburgh CKS sample has been plotted 
as a function of crack length for a particular stress condition 
in the ligament. 	The lower line, designated "A", defines the 
loading conditions under which nominal tensile yielding occurs 
at the crack tip, i.e. Cmax =YS, 
	The upper line ( " B") defines 
the more severe conditions under which yielding is also expected 
* 
in the compressive extremity of the ligament . 	Thus three conditions 
are defined: 
Stress intensity levels below which no nominal yielding 
occurs. (Below 'flp") 
Stress intensity levels at which yielding is nominally 
confined to the crack tip region. (Between "A" and "B"). 
Stress intensity levels at which tensile and compressive 
yielding occur on opposite sides of the uncracked ligament. 
(Above "B"). 
The meaii stress intensity results, originally presented in 
Figure 4.4, havbeen represented in Figure 6.6 in a foxn which 
permits the data points to be identified in accordance with the above 
categories. 	Referring to the figure the "open" symbols refer to 
category (1), the "shaded" symbols to category (2) and the "double" 
symbols to category (3). 	Interpretation of the data with regard 
to the influence of yielding in the uncracked ligament is complicated 
by the simultaneous variation of the mean stress intensity. However 
it may reasonably be suggested that under equilibrium conditions the 
crack growth rate will not decline as the value of K increased. If 
The values given are only approximate in that prior tensile yielding 
at the crack tip will influence the value of K at which compressive 
yielding occurrs. A "lower bound" solution in which crack tip yielding 
was treated indicated.that the "elastically" derived values given in 
Figure 6.5 are adequate for the purpose of the present discussion. 
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this is accepted it is then apparent that neither the onset, no 
the degree of nominal monotonic yielding in the ligament significantly 
influences the rate of crack growth. 
If, as suggested above, monotonic yielding in the uncracked 
ligament may be discounted as a factor that influences the crack 
growth rate, it is logical to extend the discussion to consider 
crack propagation under loading conditions which cause gross cyclic 
yielding. 	No specific investigation of such conditions has been 
undertaken, however it is possible to infer certain information 
from a comparison of the present author's results with those 
obtained by Evans and Taylor at NPL [55]. 	In both cases CKS 
type specimens of Qi (N) were tested, but the overall dimensions of 
the test pieces differed dramatically as shown in Figure 6.7. 
The size difference resulted in the individual samples having 
distinctive "stress intensity/nominal ligament stress" characteristics. 
Purthermore the standardised nature of the 1PL tests makes it possible 
to calculate the prevailing stress intensity conditions at any 
given value of crack length. 	The relevant data is presented in the 
lower part of Figure 6.5. 	The lines rising froth left to right 
detail the stress intensity conditions of the NPL tests; a constant 
load ( + AP) was applied, the increasing Kmax  and AK characteristics 
simply reflect the form of the compliance function (y) for the CKS 
sample. 	The two intersecting lines with negative gradients 
represent nominal crack tip stress conditions. 	The lower of 
the two details the static stress intensity that corresponds to the 
condition a max = v YS. 	Thus the point of intersection of this curve 
with the K 	characteristic defines the point at which nominal max 
monotonic yielding occurred at the crack tip. 	It is seen that all 
tests conducted at AK values in excess of 48 MNm_3/2  would have 
satisfied this condition for yielding. 	The onset of gross cyclic 
yielding is less easily predicted. 	However an approximate estimate 
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may be based on the cyclic stress/straii data presented in Figure 
4.2. 	It is apparent that the cyclic yield stress is about 
0.8. 	Thus nominal cyclic plasticity would be expected when 
A nax  > 1 .6y. 	The dynamic stress intensity values corresponding 
to this condition are plotted in Figure 6.5. 	The point of 
intersection of this curve with the AK test chaacteristic 
indicates the level at which gross cyclic plasticity is expected. 
It is seen that for the ITPL tests nominal cyclic yielding is 
predicted when AK exceeds 71 MNm_3/2. 
A similar consideration of the equilibrium crack growth data 
deternined at Edinburgh is complicated by the less standardised 
test procedure. 	However certain generalisations may be made. 
Firstly none of the data presented in Figure 4.6 satisfies the 
above condition for nominal cyclic yielding. 	The data point 
at the extreme top right of the figure corresponds to the condition 
Amax = 1•3, the adjacent point below this extreme value 
corresponds to aAq 	value of O.8Go. 	The other data points max
all represent even lower values of Ao 	which at no time approaches max 
the "critical" value of 1 	On the other hand nominal monotonic 
yielding of the crack tip is possible at any value of AK in excess 
of 32NNm_3/2. 	In practice test sequences were such that such 
yielding was mostly confiieJto tests in which AK exceeded 80 NNm_3/2 
This point is not critical to the current discussion. 	The situation 
may be summarised as follows. 
1 ) The NFL test conditions were such that the nominal conditions 
for both monotonic and cyclic yielding were satisfied. 
Only monotonic yielding is predicted for the Edinburgh tests. 
Monotonic yielding hasalready been discounted as a princip4; 
influence on the crack growth rate in Qi (N). Thus any 
systematic differences in the crack growth rates determined 
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by the different workers may prve informative with 
respect to the influence of gross cyclic plasticity. 
When compared, as in Figure 4.6, the two.sets of results are 
seen to divide into three distinct regions. 	At dynamic stress 
intensities.below 25MNm_3/2  a significant discrepancy exists. 
This is considered to be a mean stress effect and as such will 
be discussed later. At intermediate values of AK(25-60MNm_3/2) 
agreement between the different workers is seen to be excellent. 
In this region nominal monotonic yielding is predicted for both 
test configurations but neither system would be expected to exhibit 
gross cyclic plasticity. At the highest values of AK investigated 
there is a suggestion that the NPL growth rates tend to exceed the 
Edinburgh values. 	It is extremely interesting to note that the 
onset of this trend is consistent with the dynamic stress intensity 
level (71Mm_3/2)  at which gross cyclic plasticity waC predicted 
for the NFL tests. 	The significance of this observation should 
not be overrated at this stage; some further work is necessary 
to test the possible influence of gross cyclic plasticity on the 
rate of fatigue crack growth. With regard to the present study 
the important point is that the rate of fatigue crack growth in 
Qi (N) is not significantly influenced by the prevailing net section 
stress when Ac-max is less than 1.6 YS . 	This limit was not 
approached in the Edinburgh tests. 
The aim at the outset of this chapter was to examine the 
validity of using the stress intensity parameter for the correlation 
of fatigue crack growth rates in the present study. 	The relevant 
loading conditions have been critically examined from a fundamental 
viewpoint. 	It has been confirmed that fracture mechanics concepts 
are appropriate for application to crack growth in Q1 (N). Empirical 
reasoning has been used to demonstrate that the loading configuration 
employed has not had an adverse "geometrical" influence on the observed 
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crack growth rates. 	In themselves thee conclusions are an 
essential pre-requisite for the evaluation of the author's 
experimental programme. 	A further benefit derived from the 
foregoing discussion has been the identification of several 
areas in which further research would help to resolve some of 
the difficulties currently associated with the application of the 
stress intensity parameter to low and medium strength bteels. 
These matters will be summarised in Chapter 8. Before evaluating 
the results of the fatigue crack propagation studies it is logical 
to consider the general properties of Qi (N) as revealed by the tests 
reported in Section 4.1. 	- 
6.2 Basic Properties of Q,1 (N) 
6.2.1 Rardness and microstructure 
Investigations of the through thickness hardness and 
microstructui1jroperties of Qi (N) have been reported in Sections 
4.1 .1 and 5.1. 	The dual aims of the work were to assess the 
homogeneity of individual samples and the variation that existed 
between samples. 	In both respects Qi (N) was found to be extremely 
uniform. 	The CKS samples received from NCRE were not identified 
with regard to their source locations in the "as rolled" plate. 
In this respect the hardness and microstructional examinations 
do not represent a systematic study of properties at different 
plate locations but constitute a randomised survey of approximately 
one third of the total number of samples test.cL 
The impressive uniformity of the properties is a direct 
consequence of the very slow transformation rates that prevail 
during both the quenching and tempering of Qi. 	The as quenched 
uniformity of the alloy is further aided by the relatively high 
and Mf temperatures that govern the formation of Tnartensite. 
From the partial TTT diagram shown in Figure 6.8 the N 3 temperature 
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is seen to be in excess of 370 C; the M f temperature has been 
reported as 340 0C [124]. 	Although both the chemical composition 
and the austen..tizing temperature influence the precise values of 
the transformation temperatures it is apparent that a very high 
degree of martensite uniformity should be attainable in quenched 
35mm thick plate. Martensite decomposition during tempering is 
sufficiently slow to permit very extended treatments to be employed 
without producing undue softening. 	The treatment specified by 
the ASTM commercial standard [104] is -- hr above 593 0C per 12mm 
of section. 	For 35mm plate the holding time is therefore 1.5 hrs. 
The benefit of the long treatment times is that consistent properties 
may be achieved through the plate thickness as evidenced by both 
the hardness determinations and microstructural observations 
reported in earlier chapters. 
Neal and Doig [125] have observed severe micro-segregation 
of carbides in a trial cast of Q2 which is chemically essentially 
* 
identical to Q1 . 	This defect, commonly referred to as "banding", 
arises from chemical segregation in the ingot. 	It is normally 
observed to be most serere at the section mid thickness and plate 
centre, these positions correspond to the central, slow cooled, 
* Q2 is the British made equivalent of the alloy which is designated 
flY-i 00 in the USA, 	= 100 ksi = 690MNm 2 ). 	The permitted 
composition range overlaps the Qi specification, the commercial 
heat treatments are also identical. 	The ASTM specification [104] 
distinguishes Qi and Q2 as classes 1 and 2 respectively of the same 
alloy. 
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section of the ingot. 	As mentioned inSection 5.1 the Qi (N) 
used in the present study sometimes exhibited very light banding 
butthe severity was such that it was not reliably detected. 
Certainly the effect was more prevalent at the section mid thickness, 
but as the point of origin of the samples in the as roiled plate 
was unknown, it was not possible to determine if there was a 
variation in the severity across the long transverse direction. 
It should be emphasised that the degree of "banding" observed was 
trivial, the Q1(N) microstructureswere notable principally for their 
uniformity. 
6.2.2 Monotonic and cyclic stress/strain characteristics 
The monotonic and cyclic stress/strain response of Qi (N) 
was reported in Sections 4.1.2 and 4.1 .3. 	The monotonic 
characteristic is notable for the low value of the "UTS/proof 
stress" ratio. 	From the reults given in Table 4.1 this parameter 
has a value of 1.17, (= 1/0.85). 	Landgraf [126], in his review 
of cyclic properties, reports that alloys having a value of this 
ratio less than 1 .2 are expected to exhibit cyclic softening. 
Qi (N) conformed to this prediction as shown in Figure 4.2. 
Alternatively the tendency to cyclically harden or soften may be 
deduced from the monotonic strain hardening exponent, (in') where 
= AE 
The data from Figure 4.2 has been replotted on logarithmic axes in 
Figure 6.9, it is seen to yield a value of 0.089 for the exponent. 
Replotted in the same figure is the cyclic data from Figure 4.2. 
The cyclic strain hardening exponent (m"), as given by 
= A (!J2.)m' 
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was evaluated at 0.115. 	The values taken by both these exponents 
are consistent with the generalisations made by Landgraf; 
viz: if m is less than 0.1 the material, is expected to cyclically 
soften and that, for most metals, cyclic hardening exponents are 
found to lie between 0.1 and 0.2. 
From the point of view of fatigue crack propagation the 
importance of a material's cyclic stress/strain characteristic is 
well appreciated. 	However, to date, none of the more successful 
crack growth rate expressions have incorporated data 
derived from cyclic tests. 	Thus,at the present, both monotonic 
and cyclic stress/strain data are of limited utility in the 
prediction of crack growth rates; however, they do contribute 
important background information which is essential to a general 
understanding of the deformation processes associated with crack 
extension. 
6.2.3 Fracture toughness tests 
The fracture toughness test reported in Section 4.1 .4 
constituted a logical extension of the use of the stress intensity 
parameter previously adopted for correlating fatigue crack growth 
rates. 	The specimen thickness criteria embodied in both British 
[iii] and American [112] standards made it quite clear that a valid 
K1 value could not be obtained from 35mm thick samples of Qi (N). 
However it was considered that it would be informative to determine 
• Kc value for the fatigue test configuration. 	In the absence of 
• recommended procedure for K  testing it was considered logical to 
follow the standard plane strain procedures as far as possible. 
Specimen dimensions apart, the principviolation of the standard 
test procedure was the implementation of multiple tests on a single 
sample. 	It is important to examine the possible consequences of 
this action. 
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The most obvious consequence of a multiple test sequence is 
that residual stresses, from previous tests, may affect subsequently 
determined values of K. 	For residual stresses to exist plastic 
flow must have occurredduring an earlier test. 	In a CKS sample 
tensile yielding occurs at the crack tip whilst compressive yielding 
may be induced at the opposite side of the ligament. 	The effect 
of the latter deformation is to "prop" the crack open thus maintaining 
the stress singularity. 	Had "macro" crack closure occurred'the 
singularity would have been destroyed with the result that the applied 
load would not have been proportional to the crack tip stress intensity 
conditions until a sufficient force was applied to physically 
separate the crack faces and thus restore the singularity. 	The effect 
of tensile yielding and the resultant compressive residual stress 
at the crack tip is more complex. After each test the crack was 
grown under fatigue conditions for at least 10mm in order to "resharpen" 
the crack tip and to eliminate the prevailing compressive residual 
stresses. 	It is impossible to determine to what extent this 
procedure was successful, however in all cases fatigue crack growth 
was observed to occur at the "equilibrium" rate during the latter 
part of the growth interval. 	In contrast high values of dynamic 
stress intensity were required to recommence propagation after 
each test. 	These facts suggest that the crack tip damage inflicted 
by the tests was largely eliminated by the subsequent growth interval. 
Section 4.1.4 details two additional points on which the author's 
tests failed to satisfy the requirements of the standard plain strain 
fracture toughness tests. The limited range of ai 	specified for 
standard tests is not of prime importance. The influence of ligament 
width has already been extensively discussed with regard to the 
results presented by Srawley and Brown [116]. 	The same authors 
indicate that the principJreason for restricting the permitted a/W 
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range is to avoid performing tests at hfgh crack lengths in the 
region where the K calibration curve rises steeply with the measured 
value of crack length. 	The nature of the present tests was such 
that this accuracy consideration was not of prime impOrtance. 	The 
other test condition that conflicted with the requirements of the 
standard procedure for K determination concerned the level of K Ic 	 max 
during fatigue pre-cracking. In fact there is some disagreement 
between the British and American authorities as to what the limitation 
should be. 	The BISRA standard proposal [106] requires that Ka  be 
less than 0.5 KQJ1 this was also the original ASTN limit, though 
this body has now raised the limit to 0.6K Q. Kaufman and Schilling 
[127] have recently obtained additional evidence to show that the 
limit might reasonably be extended to 0.8 K Q for aluminium alloys. 
May [128] has reported that an even higher limit would be acceptable 
for maraging steels. 	It would seem that the level of O..5K Q is 
unnecessarily conservative and that the io% by which the precracking 
conditions used in the present work exceeded the limit is unlikely 
to have had a critical influence on the values of Kc  obtained. 
Before summarising the overall importance of the tests it is 
important to consider the extent to which the concept of fracture 
toughness is applicable to a material as ductile as Qi (N). 	when 
a material exhibits obvious "pop-in" under fracture toughness test 
conditions the Kc  value is clearly of importance in that it defines 
a lower limit to the stress conditions at which catastrophic 
component failure may be expected. 	For ductile materials the 
situation is not so clear. 	The test records shown in Figure 4.3 
are typical of a ductile material which exhibits progressive, as 
opposed to discontinuous, failure. 	Knott [129] has considered the 
implicatioris of such load/COD test recOrds. He draws attention 
to the difficulties associated with the validity check applied at 
O.BPQ. The current series of tests just satisfied this criterion 
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whose purpose is to discriminate against tests in which gross crack 
tip plasticity occurs. 	However the SEN fractographs presented in 
Figure 5.19 show that the tests caused very little observable crack 
extension; the extent to which the apparent damage was shared between 
true crack extension and exaggerated yielding remains in doubt. 
Knott recommends that the fracture characteristics of materials 
that do not exhibit pop-in should be assessed by full R-curve 
analyses. Anaitemative approach has been proposed by Egan [130] 
who has considered the equivalence of fracture criteria as expressed 
by K,  J c  and CO]rjt• 
 He cncludes that although the individual 
approaches yield different values for the critical fracture condition, 
the similarities between the tests are sufficient to make any one 
of them meaningful in a practical fracture control excercise. 
To perform R-curve analyses in the context of the present investigation 
was not only impractical but also irrelevant with regard to the aims 
of the tests. 	The intention was not to evaluate a material property 
but to identify the loading conditions under which crack tip damage 
became excessive. 	It was important that these conditions be expressed 
in terms of the same loading parameter that was employed for the 
correlation of crack growth rate data. 	Thus although there remains 
considerable doubt as to the absolute significance of a fracture 
toughness test conducted on Qi (N), the determination of a K c value 
for the CKS fatigue sample provided valuable guidance as to the 
upper limit of stress intensity that shouldbe used during fatigue 
testing. 
The results of the individual tests, as given in Table 4.2, 
indicate a notable consistency of the Kc  values obtained. Consideration 
of K1 data from various sources [1.13, 1141 indicates that variations 
of ±1 	are common. 	The scatter associated with the present author's 
Kc determinations is marginally superior to this value. 	It is 
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particularly unfortunate that the first test performed did not 
yield a result as it would have provided some indication of 
whether the multiple test procedure adversely influenced the values 
of K c obtained. 	Tests on further samples would have provided some 
insight into this problem, however, as the princip')aim of the 
fracture toughness tests had been satisfactorily achieved 
experimental effort was subsequently directed at the crack propagation 
studies- that are discussed in the sections that follow. 
6.3 Fatigue Crack Pronagution in Qi (N) 
6.3.1 Crack growth under constant amplitude loading 
Fatigue crack propagation under constant amplitude loading 
conditions is known to be influenced by a wide range of variables. 
In the present study it was necessary to determine tt equilibri?t 
crack growth rates for simple loading conditions in order to provide 
basic data against which propagation rates resulting from complex 
load sequences could be compared. 	Considerable care was therefore 
taken to perform tests under conditions in which only the amplitude 
of the applied load was critical in determining the crack growth 
of- 
rate. 	The influencetest frequency and the atmospheric conditions 
prevailing at the crack tip were considered in Chapter.2, both 
were discounted as being of primary importance in the context of the 
author's work. 	The discussion in the early part of this chapter 
established the independence of the measured growth rates from 
geometrical influences of the test piece configuration. 	Furthermore 
the stress intensity parameter was demonstrated to be the most 
appropriate load variable for the correlation of growth rate data. 
Thus it has been established that, in the present study, crack growth 
rates were princ4.1_11ydetennined by the prevailing loading conditions. 
Under simple loading conditions the dynamic stress intensity range 
(AK) is acknowledged as the domint variable in determining the rate of 
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crack extension. 	However, in certain circumstances, the prevailing 
value of mean stress intensity (K) is also critical; an early 
evaluation of the mutual interdependence of these parameters in 
Qi (N) was therefore necessary. 	The results of the author's 
investigation of mean stress intensity were presented in section 
4.2.1. 
There are two distinct ways in which mean stress conditions 
may influence equilibrium crack growth rates. At low R values 
(K. 0 , Rc(0.1) growth retardation may be caused by crack closure 
effects of the type proposed by Elber [63, 65]; (see section 2.7.7). 
At higher values of R crack closure is eliminated but the growth 
rate may be influenced by mechanistic considerations of the type 
advanced by Richards and Lindley [122] and Ritchie [54]. 	It was 
unfortunate that in the present study the test facility employed 
generally restricted R to values in excess of 0.2. 	Thus it was not' 
possible to investigate crack growth under conditions at which 
closure effects were likely to be significant. 	However, it was 
important to investigate the effect of practically attainable 
levels of mean stress intensity. 	To this end the extensive series 
of tests reported in Figure 4.4 was undertaken; the range of 
K employed was determined by the practical limitations of the test 
facility. 	The growth rates were originally reported as a function 
of the applied mean stress intensity as this was the parameter that 
was most directly applicable to the selection of suitable conditions 
for subsequent tests. 	Furthermore, the format adopted facilitated 
the location of the K max 	C 
= K condition which, it was originally 
thought, might influence the crack growth rate. 	Some workers 
prefer to present mean stress sensitivity as a function of the 
prevailing R value, with this in mind the data from Figure 4.4 has 
been reanalysed and is presented in terms of R in Figure 6.10. 	The 
nature of the transformation is such that no fundamental reassessment 
of the data is necessary. 
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Fractographic studies clearly indicated that a striation 
forming mechanism was operative at all values of K, there was 
no evidence to suggest that an alternative growth process was 
favoured at high values of mean stress intensity. 	In 'this respect 
the present authors data is consistent with the generalised 
conclusions of Richards and Lindley concerning the mean stress 
insensitivity of striation forming crack growth mechanisms. 
It is interesting to note that the macro-growth rates were un-
influenced by crack tip conditions that might reasonably have been 
expected to result in accelerated growth. 	Reference has already 
been made in Section 6.1 to the fact that the onset of monotonic 
yielding in the uncracked ligament had no detectable influence on 
the rate of crack extension. 	This point was important in establishing 
the validity of employing the stress intensity parameter for the 
cross-correlation of growth rates measured in geometrically different 
samples. 	From the point of view of material properties it is 
perhaps more significant to note that the growth rate was not 
accelerated when K max approachedK; the critical condition, K 	= 
max 
was indicated for each value of AK in Figure 4.4. 	This 
insensitivity castsfurther doubt on the significance of fracture 
toughness testing in Q1(N). 	Clearly the critical stress intensity 
that produces "crack extensiontt under monotonic loading is in no 
way indicative of the loading conditions that will result in catastrophic 
component failure. 
The insensitivity of crack growth rates to the applied mean 
stress intensity made possible the presentation of a single 
equilibrium growth rate curve as given in Figure 4.5. The range 
of R over which the data is applicable may be deduced from Figure 
6.10. 	For values of AX in excess of 33MNm_3'2  the crack growth 
rates are independent of the applied mean stress intensity at values 
of R in excess of 0.3. 	The data obtained at the lowest value of 
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AK investigated, indicates that the thrshold value of R below 
which growth retardation occurs may increase as AK is reduced. 
This postulate is supported by the comparative presentation of the 
present author's results with the equilibrium growth rates reported 
by workers at NFL [55]. 	Figure 4.6 indicated a significant 
divergence of the data sets at values of AK below 30Jm_3/2. In 
the NPL tests R was equal to 0.1 , in contrast the minimum value 
for the relevant Edinburgh tests was 0.6. 	It would seem probable 
that the discrepancy between the two sets of results at low values 
of AK is principally a manifestation of crack closure effects 
producing slower growth rates in the NPL samples tested at R = 0.1. 
There is clearly scope for further work to evaluate an appropriate 
equilibrium growth xate equation for Qi (N) in this mean stress 
sensitive region. 
Crack growth rates which are solely dependent on the magnitude 
of the applied dynamic stress intensity are normally found to be 
adequately described by the original Paris equation
* 
 which has 
the form 
da 
dN = c(Aic)m 	 (6.5) 
A linear characteristic is therefore predicted when the data is 
presented in log-log format. 	Figure 4.5 reveals that Q1 (N) 
exhibiiB linearity over a crack growth rate interval of about one 
order of magnitude. 	In this region the exponent m takes the 
value 2.31. 	it is interesting to compare this value, with the data 
presented by Ritchie [54]. 	He suggests that materials of low 
fracture toughness have both a high value of m and a sensitivity 
to mean stress resulting from the occurrence of "brittlet' failure 
mechanisms at the crack tip. 	Figure 6.11 compares the values of 
and m obtained for Qi (N) with the experimental results collated 
* 
See section 2.3 for detii1. 
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by Ritchie. 	The comparison is fundamentally invalid in the sense 
that the K1 value for Qi (N) would be expected to be less than the 
K value shown in the figure. 	It is none the less clear that 
Qi (N) conforms to the basic trend of Ritchie's data, i.e. it has 
a high fracture tougimess, a low value of m and crack growth rates 
are entirely independent of the applied mean stress intensity at 
levels which preclude crack closure. 
The final point to be made with regard to the equilibrium crack 
growth rates in QI (N) is that the values obtained in the present 
study are in good agreement with the general observations of other 
workers. 	Figure 6.12 compares the data from Figure 4.5 with 
published "master curves". 	In particular it is seen that the 
growth characteristic of Q1(N) falls accurately into the region 
that is characteristic of growth by striation forming mechanisms. 
In this sense the crack propagation characteristics of Q1 (N) are 
unremarkable. 
6.3.2 The influence of simple load sequences on crack growth rates 
Crack growth under service load conditions is critically 
influenced by a complex sequence of changes in the prinbipc 
loading parameters. A series of tests was therefore undertaken 
to provide information concerning the individual effect of the 
different variables. 	The influence of mean stress changes on 	crack 
growth under constant dynamic loading conditions was reported in 
Section 4.2.3. 	Although both positive and negative values of 	\(K) 
were investigated the results were dominated by thegrowth retardation 
that followed a reduction of the applied mean stress intensity. 
The difficulties experienced in quantitising the delay effects have 
been previously discussed. 	Undoubtedly the concept of a "zero 
growth" interval, that was adopted for the purpose of analysis, should 
not be regarded asan accurate description of the true growth sequence. 
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Although temporary arrest certainly occiirs at the specimen 
•free surfaces it is not clear if the crack behaves in the same 
way in the interior. 	Experimental evidence indicates quite 
clearly that retardation is less severe at the specimen mid- 
thickness, any arrest that does occur in this region must consequently 
be of shorter duration. 	The fractographs presented in Figure 5.4 
indicate dramatic differences in the growth rates prevailing at 
the free surfaces and in the more constrained specimen interior. 
For practical reasons the tests could not be continued for a 
sufficient time to re-establish the original equilibrium crack 
front profile. 	It was consequently not possible to evaluate the 
physical interval over which growth retardation occurred. Furthermore 
it was not possible to establish if total crack arrest could be 
induced by a reduction of K as the duration of appropriate tests 
would have been prohibitive. 
Despite the above reservations ultrasonic determinations of 
the tt zero_growtht interval have provided a valuable assessemént 
of the relative influence of the way in which mean stress reductions 
affect crack growth rates. 	Rtarded growth is almost certainly 
a consequence of crack closure effects reducing the effective range 
of the dynamic stress intensity. 	The interaction of the applied 
load and the residual stress field at the crack tip produces an 
effective value of K which is sufficiently low to cause significant 
crack closure effects. 	In this context it is interesting to note 
that large scale attrition of the fracture surfaces has not been 
observed. 	The closure effects apparently occur on a "microt' scale; 
unfortunately it has not been possible to determine if fracture 
surface attrition is detectable in the scanning electron microscope 
as no SEN examination of the surfaces shown in Figure 5.4 has been 
undertaken. 
-225- 
Mention was made in Section 4.2.3 of the apparent logarithmic 
relationship that existed between the zero growth interval (Nd)  and, 
the magnitude of the change in K. 	The interdependence was detailed 
in equation 4.4. 	Further experimental work is required if the 
generality of the proposal is to be established. 	The through 
thickness variation of the retardation indicates that crack arrest 
is a complex pheomenon. Very much more detailed information is 
required if quantitative predictions of crack growth rates are to 
become possible; the number of parameters involved is truely 
daunting. 
In contrast to the above discussion increases in K were 
found to have a very much less significant influence on the net 
crack growth rate. 	The investigation of mean stress effects on 
equilibrium growth rates, reported in Section 4.2.1, involved the 
application of increases in K to cracks growing under equilibrium 
conditions. Although the magnitude of A(K) was usually low 
(1ONNm_3/2) it was clear that damage was restricted to a "stretch 
zone" created by the increase. 	No subsequently acceleration of 
the groith rate was observed. 	For cracks exhibiting a non- 
equilibrium profile, i.e. following a reduction in K, the effect 
was more complex. 	However it was concluded in Section 4.2.3 that 
no significant acceleration of growth occured at the most advanced 
part of the crack front. 	It may therefore be predicted that 
under complex loading conditions the net influence of a sequence 
of positive and negative changes in mean stress intensity will be 
to retard the overall rate or propagation relative to the rate 
expected at a constant value of K. 
The influence of periodic dynamic overload sequences on 
equilibrium crack growth rates was reported in Section 4.2.4. 	The 
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various alternative overload conditions were detailed in Figure 2.8. 
* 
Referring to this figure the signal generator used was only 
capable of applying the type (b) sequence; that is a purely 
dynamic, positive start overload. 	The conclusion drawn from the 
extensive series of tests, summarised in Figures 4.13 to 4.27, 
is that the overall crack growth rate shows no significant deviation 
from the rates predicted on the basis of a linear summation of the 
equilibrium damage rates. 	Fractograplüc studies indicate that 
single cycle overloads produce a "stretch" zone on the fracture 
surface, the multiple overload sequences created clearly striated 
regions that were typical of equilibrium growth under the overload 
conditions. 	Other workers have successfully determined growth 
rates occurring during overload sequences by measurement of individual 
striation spacings. 	It is extremely doubtful that the approach 
could be successfully applied to Qi (N). 	The general definition 
of features on the fracture surface is poor and dimensions are far 
from regular. 	For example an overload 'tband", such as that shown 
in Figure 5.12(c), may vary in width by ±50 4. 	Furthermore it is 
only under particularly favourable loading conditions that individual 
surface features may be satisfactorily correlated with the applied 
load sequence. 	Qi (N) is therefore an unsatisfactory material 
for providing micro—growth data for comparison with the various 
* 








retardation models reviewed in Chapter 2. 	The average macro- 
growth rates determined by the author are not suitable for such 
purposes. 
Although it was only possible to investigate the effect of one 
type of overload sequence it is possible to make reasoned predictions 
as to the influence of the other sequences on crack propagation 
' in Qi ( N). 	The critical factor is the materials response to changes 
in the net
* 
 mean stress at the crack tip. 	Referring to Figure 2.8 
the effects of the type (c) and (d) sequences, that involved changes 
in mean stress are readily evaluated. Consider the compressive 
overload (d). . The load sequence is essentially that used by the 
present author to investigate the effect of changes in mean stress 
intensity. 	The only complication is that the dynamic stress is 
increased at the same time that K is reduced. However, 
relative to equilibrium growth, the damage rate during the "overload" 
phase will undoubtedly be retarded as a result of the reduced 
value of K. 	The subsequent increase of K, and simultaneous 
reduction of AK, to the original level is not expected to result 
in any significant acceleration of crack growth in Q1(N). 	Thus, 
depending on the frequency with which the "overload" sequence is 
applied, the overall growth rate will either be equal to or less 
than the value predicted by a summation of the equilibrium growth 
rates. 	Similar reasoning applies to the tensile overload shown 
as (c) in Figure 2.8. 	Trebules et al [79] have investigated this 
type of sequence in 2024-T3 aluminium alloy. 	Relative to the 
* 
i.e. applied mean stress plus residual mean stress. 
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equilibrium growth rates they reported accelerated damage during 
the overload phase and subsequent retardation on return to the 
lower dynamic load conditions. 	Both effects were considered to 
be manifestations of a mean stress sensitivity. 	In Qi (N) 
acceleration during the overload phase will be minimal, on the 
other hand growth retardation is expected at the lower dynamic load 
level. 	The residual stress field, and hence the degree of 
retardation, may depend on the number of overload cycles applied 
for the reasons discussed by Trebules et al. 	However, once again, 
the qualitative conclusion is that, in practice, the rate of crack 
extension will not exceed the value obtained from a summation of 
the equilibrium growth rates. 	Only overloads of the type shom 
in Figure 2.8(a) remain to be considered. 	It has been demonstrated 
that in aluminium alloys type (b) sequences may produce sequential 
periods of accelerated and retarded growth rates after the overload 
conditions are removed [77]. 	The causes were considered in Section 
2.5.4. 	Similar reasoning may be applied to type (a) overloads 
and Schijve [77] presents results which demonstrate that such 
sequences may either increase or reduce a component's net life. 
However sequences of types (a) and (b) are in essence each a combination 
of types (c) and (d) which, it has been argued, cannot individually 
produce an overall increase of the crack growth rate in Q1(N). 
Thus the mutual opposition of (c) and (d) overloads in a type (a) 
sequence is confidently expected to result in an overall damage rate 
that does not exceed the predicted value obtained by summing the 
equilibrium growth rates. 
It is argued above that under no circumstances will crack 
growth rates in Qi (N) exceed predicted values obtained from 
consideration of equilibrium growth rates. 	This conclusion is based 
on the demonstrated insensitivity of Qi (N) to increases in the 
applied mean stress conditions. Whilst crack growth retardation may 
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occur as a consequence of closure effec -Es, no load sequences are 
expected to result in damage rates that exceed the mean stress 
independent, "equilibrium" values given in Figure 4.5. 	The nature 
of the Qi (N) fracture surface has prohibited determination of micro-
growth rates by striation measurement techniques, it has therefore 
not been possible to evaluate the various quantitative growth 
retardation models reviewed in Chapter 2. 	Changes in crack front 
profile, following reductions in mean stress intensity, indicate 
that retardation effects are influenced by the prevailing specimen 
thickness. 	This factor not only complicates growth rate predictions 
but also indicates that the established thickness independence of 
equilibrium crack growth rates may not hold for damage resulting 
from complex load sequences. 	The influences of the more complex 
sequences involved in block loading are discussed in the next 
section. 
6.3.3 Crack propagation resulting from block load sequences 
The investigation of crack growth rates under block loading 
sequences confirmed the general predictions of the simpler tests 
discussed above. The results of both 3 and 8 level tests were 
reported in Section 4.2. 	The test performed under constant mean 
stress intensity conditions constituted a logical extension of the 
earlier investigation of crack growth occurring under two level 
dynamic overload conditions. 	Whereas the two level tests indicated 
no significant growth retardation, damage caused by constant K 
block loading was generally about 20% below the rates predicted 
from eq-tiilibrium considerations. 	This result is not unreasonable 
in view of the tensile overloads that the block regimes impose; it 
is perhaps more surprising that no retardation was detected in any 
of the simpler two level dynamic overload tests. 	Macro-growth 
rate considerations and fractographic evidence indicated that crack 
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extension occurred during each block of The 3 level, constant K 
tests. 	Tests conducted with a constant K . min restriction yielded 
very much reduced growth rates. Again it was shown that crack 
extension occurred at each of the three dynamic load levels. 
The three level tests indicate that a distinct load history effect 
is operative under constant K min  conditions; growth occurred more 
rapidly under the "low-high" regime than under either of the other 
sequences. 	The trend is consistent with the observations of 
Hardrath [91,92] which were summarised in Figure 2.17. 	However 
whereas he established that the damage rate increased in the order: 
"high-low" ,"low-high-low", "low-high" 
the present study revealed no differences in the influence of the 
"high-low" and "low-high-low" regimes. Figure 4.30 suggests that a 
similar load history effect may exist under constant K conditions; 
insufficient data is available to support a definite conclusion. 
The same limitation prevents the assessment of sequence effects 
assosicated with 8 level regimes, however it is notable that the 
results presented in Figure 4.32 do not conflict with the generalities 
of the foregoing discussion. 
The limitations of block loading sequences for evaluating crack 
growth rates under service load conditions were discussed in Chapter 
2. 	In the case of Qi (N) it is growth retardation effects that 
determine the average rate of crack extension under complex load 
sequences. 	It is expected that in situations in which retardation 
occurs the absolute rate of crack extension, at any moment, will be 
a function of the number of cycles applied since a load discontinuity 
occurred. 	For block load tests this effect would be detectable as 
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a sensitivity, of the crack growth rate, to the number of cycles 
in the periodically repeated sequence. 	Figure 2.16 summarises 
the results of block length tests conducted on 2024-T3 aluminium. 
It is expected that Qi (N) will exhibit a comparable sensitivity 
to block length when significant retardation effects prevail. 
Thus it is anticipated that crack growth rates in Qi (N), tested 
at a constant value of K, will be only slightly influenced by the 
prevailing block length as retardation effects under these conditions 
are minimal. 	In contrast retardation effects are more severe 
when K min  is maintained constants a greater sensitivity would therefore 
be expected to changes in the applied block length: In practice 
service load sequences will involve frequent and essentially 
random changes in the loading conditions experienced by a given 
component. 	Consequently, as retardation effects are expected to 
be influenced by. the precise nature of the load sequence, the crack 
growth rate at any moment will be uniquely determined by the 
prevailing load sequence. 	It is therefore expected that block 
load regimes,.derived from service load data, will not generally 
be satisfactory for assessing the "in service" rate of fatigue 
damage. 	 - 
A. further point which may prove important in service load 
simulations concerns the specimen geometry. 	It has been shown 	that 
growth retardation effects are probably influenced by the thickness 
of the test piece. 	As, in Q1(N), growth rates under complex 
load sequences are principally influenced by retardation effects it 
is probable that the prevailing specimen thickness will have some 
effect on the overall growth rate associated with any given load 
sequence. 	The consideration of this possibility should constitute 
a riderto the conclusion of Richards and Lindley [122] concerning 
the thickness independence of striation forming crack growth 
mechanisms. 
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6.4 The Wider Implications of the Established Fatigue Properties 
of Qi (N) 
The present study has been exclusively concerned with fatigue 
crack growth in Qi (N) parent plate material. 	It has been 
established that the equilibrium crack growth rates in the alloy 
are in excellent agreement with the published properties of 
other ductile steels. 	Furthermore it has been shown that in Qi (N) 
mode I crack growth occurs solely by a striation forming mechanism. 
Such mechanisms are generally found to be associated with equilibrium 
growth rates that are independent of both the specimen thickness 
and the applied mean stress intensity. 	Qi (N) is consistent with 
this trend. 	Under complex load sequences,non-equilibrium growth 
rates may prevail as a consequence of the retarding effects caused 
by the occurrence of "crack closure"; load history effects.are not 
expected to result in accelerated rates of fatigue damage. 	With 
regard to the static strength of Qi (N) it has been demonstrated 
that the fracture toughness approach does not accurately predict 
the loading conditions under which catastrophic failure occurs. 
However, it has been shown that an acceptably reproducible value 
of Kc  is obtainable and that the parameter has considerable value 
in defining dynamic loading conditions under which fatigue damage 
is extremely severe. 
In the context of the structural integrity of Qi (N) the above 
generalisations are reassuring. 	The resistance of notched 
parent plate to damage under both static and dynamic loading conditions 
is essentially identical to that of more traditional structural 
steels. 	With particular reference to naval construction the very 
low inclusion content of Qi (N) makes the alloy superior to its 
immediate predecessor, QT35. 	Thus, as far as the parent plate is 
concerned, it is anticipated that only minimal changes in established 
design procedures are necessary. 	Procedures, that have in the past, 
-233- 
proved successful in defining a satisfactory balance between the 
static and fatigue strengths of a structure will remain valid for 
'application to Qi (N). 	It is none the less important to 
appreciate that, relative to more traditional materials, the 
improvement obtained inthë unnotched static strength of Qi (N) has 
not been matched by a similar improvement in its resistance to 
fatigue. 	Thus the potential benefits of the higher strength 
material may, in part, be discounted by the need to contain the 
unchanged susceptibility to damage by fatigue. 
A further practical complication arises from the use of Qi (N) 
in the fabrication of large welded structures. 	In such applications 
the welded joints are found to have the greatest susceptibility to 
fatigue damage. 	A'total appraisal of the alloy must therefore 
include studies of crack propagation in the "as welded" material. 
With regard to design procedures it is critical to establish that 
the fatigue properties of as welded Q1 (N) are not inferior to those 
of its historical precursors in pressure vessel construction. Some 
comparisons of crack propagation in "as welded" specimens of QT35 and 
and Q1(N) have been made by Evans etal [55]. 	Their results 
indicated little difference in the equilibrium crack growth rates 
of the two "as welded" alloys when R was equal to 0.1. 	Significantly 
they did not investigate the influence of mean stress intensity on 
crack propagation rates in the welded joints., Results published 
by Griffiths et al [13 1 ] indicate that the applied mean stress 
intensity can have a critical influence on the rate of crack growth 
in ferritic weld metals. 	Figure 6.13 summarises their results which 
quite clearly demonstrate that the loading conditions may determine 
the crack growth mechanism which in turn may influence the rate of 
crack growth. 	Thus the change from striation formation to a void 
coalescence mechanism causesthe "equilibrium" growth rates to 
become extremely sensitive to the level of the applied mean stress 
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intensity. 	The data presented in Figure 6.13 was obtained from 
tests on stress relieved welds; such a treatment is not 
practically applicable in the case of pressure vessel construction. 
The result is that cracks growing in the "as welded"material are 
subjected to the simultaneous influence of the retained stress 
field and the applied structural load. 	Thus, as retained' stresses 
in excess of the nOminal yield value are commonly encountered, the 
overall damage rate may be unfavourably accelerated if the crack 
growth rate in the "as welded" material is mean stress sensitive. 
It is important to bear this point in mind when assessing the 
suitablility of different materials for pressure vessel construction. 
In the case of Qi (N) it is particularly important to establish 
that the "as welded" alloy is not inferior to its predecessor, 
QT35. 	The tests performed at NPL [55] established that welded 
samples of the two alloys had similar fatigue resistance at low 
values of mean'stress intensity, R = 0.1. 	The relative mean stress 
sensitivity of crack growth in the "as welded" alloys was not 
investigated, it is considered that a full appraisal of the two 
materials should include consideration of this property. 	A series 
of tests, similar to those reported in Section 4.2.1 of the present 
study would reveal if there were any significant differences in the 
properties of the "as welded" alloys. 	The present design and 
inspection procedures for pressure vessels may. be  endorsed as 
satisfactory so long as Q1 (N) proves less mean stress sensitive than 
QT35; however if the reverse is true it will be necessary to 
reassess certain aspects of Qi (N)'s utilisation. 
In the introduction to this thesis mention'was made of the 
designers problem of ensuring that established principles of pressure 
hull constructioh provide the correct balance of static strength 
and fatigue resistance when a "new" material, such as Q1 (N), is 
adopted. 	The present study has shown that the crack growth resistence 
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of Qi (N) parent plate is in no way infefior to that of other low 
alloy steels. 	Furthermore it has been established that load 
history effects will not result in accelerated damage rates; 
crack growth retardation, on the other hand, is to be expected 
under most complex load regimes. 	Thus design criteria established 
for materials such as QT35 are applicable to Qi (N) parent plate 
so long as it is appreciated that the relative increase in tensile 
strength is not associated with a similar increase in fatigue 
resistance; fatigue properties of the two alloys are basically 
identical. 	From the structural point of view the fatigue susceptibility 
of the welded joints is critical. 	Provided it is established that 
mean stress effects do not have a deleterious influence on crack 
growth rates in "as welded" Qi (N), it will be possible to reaffirm 
existing pressure vessel design and inspection procedures as 
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Figure 6.4 Schematic of fatigue fracture surface transitional 
behaviour in sheet materials. (After Schijve [77T). 
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Figure 6.9 MonotofliC and cycliC strain hardening exponents 
for Q1(N). Data taken from Figure 4.2. 
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Basic Properties of Q1 (N) 
The mechanical and structural properties of the Q1 (N) 
parent plate employed in the present investigation were 
found to be extremely uniform. The through thickness 
hardness was consistent to 1W30 248 ± 10; the yield stress 
was evaluated at 646 MNm -2 
Cyclic stress/strain tests indicated that Q1 (N) cyclically 
softened. This behaviour was consistent with predictions 
which may be made from consideration of either the ratio: 
or the value of rn1 , the monotonic strain 
hardening exponent [126]. 
Fracture toughness tests indicated that consistent values 
of K 
C 
may be ob ained from multiple tests performed on a 
single sample. K was evaluated at 146 ± 12 MNm_3/2  for 
the 35 mm thick CKS fatigue sample. 35mm thick Q1 (N) plate 
material is not suitable for determining the material's 
plane strain fracture toughness according to either British 
[iii] or ASTM [112] standard procedures. 
For Qi (N) the Kc  value was found not to predict the loading 
conditions at which catastrophic component failure was 
imminent. Both static and cyclic loads could be supported 
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when K max 
 was considerably in 	
C 
excess of K . Fractographic 
studies indicated that static loading to K c produced. a 
"stretch zone" on the fracture surface but that there was 
no tendency for failure to occur by brittle fracture 
mechanisms. Despite its inapplicability to static failure 
in Qi (N), the K value was found to be a valuable 
indication of the fatigue loading conditions (K = K) 
which resulted in extremely rapid crack growth rates, 
(da/dN _ lOpnh/cycle). 
Equilibrium crack propagation in Qi (N) 
The equilibrium fatigue crack growth rates determined in 
the present study have been shown to be substantially 
independent of the CKS specimen geometry. 	It has also 
been established that the stress intensity parameter may 
be meaningfully employed to correlate crack growth rate 
data. Only growth resulting from mode I crack opening 
has been investigated. 
In Qi (N) equilibrium crack growth rates are independent 
of the applied mean stress intensity except at low values 
(< 0 . 1 ) of the stress ratio Rat which growth retardation 
may result from crack closure effects. It is particularly 
significant that neither monotonic yielding of the uncracked 
ligament nor values of K max 	 C 
in excess of K result in 
accelerated crack growth. Mode I growth was observed to 
occur by striation forming mechanisms under all loading 
conditions, no alternative growth processes were detected. 
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• 7) It has not been possible to dtermine crack growth rates 
at low values of the stress ratio, H. 	It is expected 
that growth retardation,by crack closure, will become 
increasingly important as H is reduced below 0.1. A 
considerable amount of further work is required to define 
the equilibrium crack growth rates for conditions that 
• 	 involve crack closure. 
8) At mean stress intensities above the levels that cause 
crack closure the equilibrium crack growth rate, for 
Qi (N) in air, may be expressed as a function of the applied 
dynamic stress intensity alone. 	For growth rates 
• 
	
	 between 0.1 and lpm/cycle, the basic Paris expression [32] 
may be •used in the form: 
da •  
dN 	
(A\m 
where C =6(Oand m = 2.31 when AK is expressed as 
m_3/2 and da/dN as pm/cycle. Outwith the limits given 
the log-log da/dN/AK characteristic was found to be non-
linear. An empirically determined polynomial may be used 
to define the growth rates over a wider range of da/dN. The 
expression 	 • 	 ____________________-____ 
log(!) . =_i5O.1 	88.8410gK)_17.95(1ogK))2.+ i240(1ogC))(7.2) 
dN 
is applicable between the limits 
. 62<<4 	 (7.3) 
whenAK and da/dN are expressed as ra_3'2 and mi/cycle respectively. 
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9) The equilibrium da/dN/K characteristic for Qi (N) 
was found to be in good agreement with the generalised 
"master curves", reported by other workers, for fatigue 
crack propagation in plain carbon and low alloy steels. 
The influence of load sequence effects on crack. propagaticn in j(N) 
io) Simple load sequences have been used to investigate the 
influence of changes in mean stress intensity on crack 
growth rates. 	Reductions inK were found to result in 
crack closure effdcts which caused growth retardation. 
The degree of retardation varied through the specimen 
thickness, the effect was most severe at the free surfaces. 
Increases in K were found to have no significant influence 
on the macro-growth rate. 
ii) Simple, two level, dynamic overload sequences were found 
to produce crack growth rates that agreed with the values 
predicted from a summation of equilibrium growth rates. 
More complicated 3 and 8 level sequences applied at a constant 
value of K were found to result in some growth retardation 
relative to the equilibrium predictions. 
12) Crack growth rates resulting from 3 and 8 level block load 
sequences applied at a constant value of K 
min  were found 
to be significantly retarded relative to both the predicted 
equilibrium damage and the damage produced by the same 
sequences when applied at a constant value of K. 	The 
observed growth retardation is considered to be a manifestation 
of crack closure effects. 
13) The three level constant.K 	, block load tests revealed mm 
that the overall damage rate was influenqed by the sequence 
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the alloy makes it in some way superior to its immediate 
naval predecessor, QT35. 
17) From the constructors' point of view it is important to 
appreciate that although the yield strength of Q1(N) is 
superior to that of its precursors, the various alloyshave 
essentially the same susceptibility to fatigue damage. 
Thus the constructional advantages of the improved static 
strength may be partially discounted by the unchanged 
fatigue properties. 
In practice the fatigue resistance of welded joints in 
Qi (N) is of critical importance. A full assessment of 
the relative merits of alternative alloys should include 
testing of the "as welded" material. It is particularly 
important to determine if residual welding stresses 
can accelerate fatigue damage rates. It is considered 
that an assessment of the influence of mean stress on crack 
growth rates in "aswelded" Q1(N) should be undertaken. 
Fatigue testing of Qi (N) 
The circumstances in which fracture mechanics analyses 
may be correctly applied to fatigue testing are currently 
not satisfactorily defined. With regard to Qi (N) it has 
been established that static yielding of the uncracked 
ligament does not influence the crack growth rate, however 
the onset of gross cyclic yielding should be considered as 
undesirable until proved otherwise. 	Specimen thickness, 
in the range 13-35mm, has no significant effect on 
equilibrium crack growth rates; but, the parameter may 
influence growth rates resulting from complex load sequences 
as a consequence of the thickness dependence of the growth 
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retardation mechanism. No sim1e thickness criteri'o'n ) 
similar to that applied to standard fracture toughness 
tests, is applicable to fatigue testing of Qi (N). 
-2 53-. 
CHAPTER 8 
PROPOSALS FOR FURTHER WORK 
The present study has revealed several problems which might 
advantageously be subjected to further attention. 	The recommendations 
that follow are divided into two categories: those that pertain to 
Q1(N) are given first; more general proposals regarding fatigue 
testing and the applications of fracture mechanics follow. 
Proposals for further studies of Qi (N) 
1) It is clear that crack growth rates in Qi (N) are affected by the 
applied mean stress intensity at low R values. A full definition 
of the equilibrium crack growth rates requires investigation 
of damage occurring at lower R values than were attainable 
in this work. 	A relatively simple series of tests could 
be undertaken to determine crack growth rates at levels of 
mean stress intensity below those used in the present investigation. 
Such a study would enable the equilibrium crack growth rates 
for Qi (N) to be fully defined in terms of both AK and L 
The work would require a test facility with a reversed load 
capability; furthermore, as considerably "retarded t ' growth 
rates are expected at low values of R, a high test frequency 
would be desirable. 
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It has been suggested that specimen thickness will influence 
crack growth rates when growth retardation occurs. 	If 
"in service" damage rates are to be simulated by laboratory 
tests it will be important to understand the influence of 
this parameter. 	An investigation of the thickness effect 
should therefore constitute a preliminary requisite of 
future studies of crack growth rates resulting from complex 
load sequences. 
The fatigue properties of "as welded" Qi (N) have been 
considered by workers at NFL [55]. 	It is however, considered 
that a more extensive series of tests is required to ensure 
that the alloy is in no way inferior to its predecessor, 
QT35. 	It is particularly recommended that a relative study 
be made of the influence of mean stress intensity on 
crack growth rates in"as welded"specimens of the two materials. 
In this way it may be established whether or not fatigue 
damage is accelerated by residual stresses present in the 
welded joints of the alloys. 	From the design point of 
view it is important to establish that, in this respect, Qi (N) 
is no more susceptible to fatigue damage than QT35. 
Proposals concerning the application of fracture mechanics 
Standard procedures for plane strain fracture toughness 
testing place extremely restrictive limitations on the 
allowable test piece geometry. Any justifiable relaxation 
of the requirements would be welcome. 	It would appear 
from the discussion in Section 6.1 that the current 
restrictions on the uncracked ligament size could be relaxed. 
It is suggested that a test program be directed at 
determining less restrictive limits for the allowable crack 
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length and ligament size. 	In particular, it. will be 
necessary to evolve a satisfactory means of detecting 
crack extension when gross yielding occurs in the 
uncracked ligament. 	There is no reason to believe that 
the current thickness criterion may be relaxed but if the 
other specimen dimensions could be reduced the following 
benefits would accrue: 
Routine testing could be conducted on smaller samples. 
Test facilities could be sympathetically reduced with a 
consequent saving in expense. 
K1 testing could be extended to certain materials that 
are currently precluded for geometrical reasons. 	In the 
case of plate materials such as Qi (N) tests are currently 
only possible if the plate thichness is sufficient to 
satisfy the thickness requirement of the KIc  test. 	If the 
existing crack length and ligament restrictions could be 
significantly relaxed it is possible that fracture toughness 
specimens could be cut in such a way that the test piece 
thickness lay in the rolling plane of the plate. 	Samples 
cut in this way would permit a limited extension of the 
materials for which K 
Ic  values were obtainable. 
A more accurate definition of the geometrical conditions 
for which Kic  is a meaningful failure criterion would be 
of assistance in assessing the significance of structural 
flaws. 	It is apparent the Kic  is applicable under conditions 
that cause gross static yielding in bendspecimens; it would 
be valuable to define these limits more accurately for 
these and other specimen configurations. 
(d) Significant reductions in the width and height of fracture 
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toughness test pieces would mãke them geometrically similar 
to impact specimens. 	Considerable advantage in the 
understanding of the interrelationship of fracture toughness 
and impact properties could result from the ability to 
use a common specimen for both types of test. 
Following from the above it would be valuable to have a 
recommended procedure established for Kc  testing. 	The 
difficulties of standardising tests of this nature are 
formidable. It would, however, be valuable to have some 
relative measure of fracture toughness, as defined by K, 
for materials which cannot satisfy the thickness requirements 
of the' standard plane strain tests. 
There is a widespread need to establish formalised guide 
lines to indicate the conditions under which fracture 
mechanics analyses may be correctly applied to the correlation 
of fatigue data. Although Richards and Lindley [122] have 
given extensive consideration to the influence of, specimen 
thickness on crack growth rates, there' is no detailed knowledge 
of the significance of the stress conditions in the uncracked 
ligament. 	It is suggested that crack growth rates, at 
nominally identical values of applied stress intensity, be 
investigated for influences of both specimen size and the 
general specimen geometry. 	The identification of unacceptable 
specimen configurations 'would be of great assistance to 
future workers who seek to optimise their specimen size 
without invalidating the approach of fracture mechanics. 
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APPENDIX I 
DESIGN AND CONSTRUCTION OF THE ULTRASONIC CRACK MONITOR 
Al .1 Introduction 
A satisfactory means of measuring crack length is a pre-requisite 
of any experimental study of fatigue crack propagation. It was apparent 
from the outset of this work that .a comprehensive investigation of 
the fatigue properties of Ql(N), of the type proposed, would entail 
the collection of a great deal of crack growth rate data. 	The low 
frequency of the fatigue tests installation (2Hz) meant that individual 
tests could take many hours. 	Crack length determination by 
traditional "manual" techniques would have required constant operator 
supervision of all tests. 	For the author to do this unaided was both 
impractical and unsatisfactory. 	Attention was therefore given to the 
various techniques that could be used for automatic crack length 
measurement. 
The most common and simplest method of crack monitoring is by 
manual, optical measurement of the surface crack length. 	The technique 
may be readily automated by the provision of a remotely triggered 
camera to record the crack length at preset intervals. 	An alternative 
approach [132] is to attach a multi-ligament foil gauge ahead of the 
crack tip. 	The crack growth rate is determined from the timed intervals 
between successive ligament failures. 	Eddy current techniques 
have been successfully used by Swanson et al [118]. 	A sensing head 
mounted on an elaborate double axis traverse gear followed the crack 
tip in a servo controlled manner. 	As with optical measurements of crack 
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length, both the foil gauge and the eddy current techniques can only 
determine the position of the crack tip at the specimen surface. 
This limitation also applies to the ultrasonic monitor described by 
Buck [133] He used surface waves to measure the length of a crack 
in a single edge notch specimen; the signal intensity was attenuated 
as the crack extended, thus a continuous record of the surface crack 
length was obtained. 	Clark and Ceschini [134] have made more 
conventional use of ultrasonic techniques. 	They used a 900  surface 
contact probe to follow the crack in a WOL specimen. 	They monitored 
the sonic reflection from the surface of the fatigue crack; as the 
crack extended the ultrasonic probe was advanced to maintain a 
constant signal intensity. 	The probe was advanced in increments of 
250pm by a stepper motor, smaller increments of crack growth were 
determined from changes in the reflected signal intensity. - An accuracy 
of ± 250pm was claimed for crack length determinations. 	This method 
has the advantage that the crack length is measured in the interior 
of the specimen instead of at the surface. 	The same is true of the 
electric potential method which has been used for studies of both 
crack growth [135, 136] and crack closure [64] during. fatigue. 	The 
technique has been described in detail by Ritchie [136] who reports 
a sensitivity to crack growth of . ± 10pm for small specimens. 	The 
method is certainly attractive in terms of cost and appears to be 
satisfactory in operation. However as extreme stability is demanded 
of both the power supply and the potential measuring equipment great 
care must be taken to eliminate all possible sources of error. 	Stray 
thermal e.m.fs. represent a major - problem, elaborate environmental 
control is therefore necessary for the critical components. 
The above techniques have all been used in practical investigations 
of fatigue crack propagation. Two further methods of crack length 
measurement have been proposed but not widely adopted. 	Dover [137] 
-259- 
has considered the possibility of using COD measurements to determine 
the length of a fatigde crack. Although this parameter is satisfactory 
for detecting crack extension in fracture toughness tests there are 
considerable difficulties in applying it to the continuous 
measurement of fatigue crack length. 	Eisenstadt and Fuller [138] 
have described a technique for "marking" a fatigue fracture surface 
by periodically applying a block of load cycles that causes no 
significant crack extension. 	This approach offers the possibility 
of determining crack growth characteristics from traditional rotating 
bending specimens. 
Consideration was given to determining which of the above 
techniques was best suited for use in the author's test program. 
As 35mm thick specimens were to be used, it was desirable to measure 
the crack length in the interior of the material rather than on the 
surface. 	This indicated that either the electrical potential 
method or an ultrasonic system, similar to that of Clark and Ceschini 
[134], should be adopted. 	The final descision was influenced by 
circumstances: on the one hand the electrical potential method was 
discounted by the lack of environmental control on the test site and 
the insufficient technical expertise to build the equipment; on the 
other hand provision had been made to purchase an ultrasonic flaw 
detector, which could be used as the principaL component of an 
automated crack monitor. 	Consequently it was decided to construct 
a device that utilised ultrasonic flaw detection. 	The basic -operational 
requirements of such a system are considered in the next section. 
-Al .2 Ultrasonic Considerations 
The final geometry of the fatigue sample to be used was settled 
at the same time that the crack monitor was being designed. 	Initially 
there was considerable mutual influence of these matters, one upon 
-260- 
the other. 	However, once it had been aecided to use an ultrasonic 
measuring system on a CKS specimen there were certain fundamental 
decisions to be taken with regard to the crack monitoring device. 
Consideration was given to the problem of how best to detect 
the advancing fatigue crack. 	The alternatives are shown schematically 
in Figure Al .1. 	One can monitor the reflection from the crack 
surface by use of the sonic path PAP; as the crack extends the 
reflecting area is increased. 	Alternatively "the back wall echo", 
path PDP, can be monitored; in this case the reflecting area is 
reduced when crack growth occurs. 	In either case the probe is 
driven forward to maintain a constant reflected signal intensity. 
The crack length at anytime is indicated by the physical position 
of the probe. Although Clark and Ceschini [134] successfully 
used the reflection from the crack surface to control their device, 
the present author favoured using the "back wall echo" for the 
following reason. 	The roughness, and hence the acoustic 
reflectivity, of a fatigue fracture surface is dependent on the loading 
conditions under which it was formed. 	Thus tests involving complex 
load sequences would be expected to produce fracture surfaces whose 
acoustic reflectivity varied. 	The intensity of the signal reflected 
from the crack surface would therefore be affected by both the crack's 
length and its surface quality. 	The back wall echo should be 
independent of the latter parameter. 
Figure ;Al .2 compares the back wall echo from an uncracked sample 
(broken line), with the signal reflected from a typical fracture 
surface, (continuous line). 	It is seen that the reflection from the 
back wall exhibits a more uniform intensity and is thus the better 
suited for use as the control signal. 	A possible complication is 
contributed by.the symmetry of the CKS sample. 	It is seen from 
Figure Al .1 that the "second reflection" from the crack surface, path 
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PABCP, has the same path length as the sack wall echo. 	For control 
purposes a compound signal created by the super imposition of these 
signals would be inferior to the pure back wall reflection. 	In 
practice, to utilise the back wall echo, the probe was positioned 
slightly ahead of the crack tip with the result that the unwanted 
reflection from the fracture surface was effectively eliminated. 
The foregoing discussion of signal uniformity has assumed the 
ability to inject into the sample a signal of constant intensity. 
This is no easy matter. Acoustic transfer across an interface may 
be expressed as the ratio: 
reflected signal intensity, (R) 
transmitted signal intensity, (i) 
For transfer from a medium, whose thickness is in excess of one 
wavelength, the ratio R/I is given by 
R (p1u1 	
2 
- 2u2 ) 	 - 
I 	 2 ' t1>x1 	
(A1.1) 
+ 
where u1 and u2 are the velocities of sound in the two materials. 
Under close contact conditions the thickness of the interface becomes 
critical; R/I becomes 
R - 
	(p1 u1 /p2u2 - p2u2/p1u1 )2 
2 ' t1<X1 
4cot 	
(A1.2) 
I 2 (2d1 /X 1 ) + (p1 u1 /p2u2 + p2u21/ p1 u1 ) 
where t is the thickness of the medium in which the wave is travelling 
before encountering the interface. 	The latter expression governs 
the transfer of a signal from a surface contact probe to a test piece. 
It is essential to have an acoustic couplant such as grease or water 
between the probe and the sample in order to obtain a favourable value 
of the ratio p1 /p2 . However, the thickness of this layer is critical. 
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Table Al .1 lists values of R/I calculated for acoustic transfer from 
water to steel for different thicknesses of the water layer. 	Similar 
transfer ratios would apply to the signal passing from a surface 
contact probe through a liquid couplant into a test piece, the 
reflected signal would also be affected when crossing the interface 
in the reverse direction. 	Clearly if it is required to inject a 
signal of constant intensity from a surface contact probe into a test 
piece elaborate control of the interface conditions is required. 
Acoustic transfer between the probe and the specimen can be made 
independent of the thickness of the couplant by the use of immersion 
testing techniques. A remotely located probe is acoustically coupled 
to the test piece by a suitable liquid, usually water. 	The acoustic 
transfer across the various interfaces is governed by equation Al .1 
and is thus independent of the thickness of the couplant layer. 
An additional advantage of the technique is that no probe contact 
pressure is involved, thus the mechanical traverse gear required to 
drive the probe can be made considerably lesscomplex than the 
equipment that is required to locate and move a surface contact probe. 
For these reasons it was decided to employ a water immersion probe 
whose position was controlled by the intensity of the back wall echo. 
The mechanical construction adopted to accommodate such a system is 
detailed in the next section. 
•A1.3 Mechanical Design 
The accommodation of a tank, probe, drive gear and measuring 
equipment on a 35mm wide sample required a series of design compromises. 
The principa.t'iimitations were the available width and height. 	The 
general construction of the device is shown in Figures Al .1 , Al .3 and 
Al .4. 	A one litre brass tank, provided with a demountable perspex 
front panel, was bo1l.J-, directly to the top surface of the CKS sample. 
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The base was cut away, as shown in Figure A1.4, toallow the coupiant 
to make direct contact with the test piece. A 3mm rubber gasket 
was used to seal the interface between the tank and the sample. 
Water was used as the ultrasonic couplant, a 5% addition of commercial 
"antifreeze" was made to eliminate corrosion of the steel surface. 
It was found necessary to control the temperature of the liquid as the 
ultrasonic signal intensity was affected by both the probe 
temperature and thermal stratification of the couplant. 	An external 
reservoir, of 5 litres capacity, was provided in which the temperature 
of the water was controlled at 30 0C -1- 0.1 °C. 	The water was 
circulated to the test tank at a rate of 2 litres per minute by a 
simple impeller. 	This pump had a tendency to generate bubbles which 
could adversely effect the ultrasonic signal by settling on the 
underside of the probe. 	The problem was eliminated by the introduction 
of a simple bubble trap in the test tank inlet line and by the daily 
replacement of the liquid with a freshly boiled (degassed) solution. 
The ultrasonic probe was mounted on a carriage which ran on 
lateral guide rails. 	The carriage traversed beneath a 15.9mm (5/81n) 
micrometer threaded, drive shaft which ran in bearings located in the 
end plates of the tank. 	In order to minimise physical disturbance 
of the probe, by the drive mechanismthe probe carriage was "sprung" 
against the guide rails and driven through a pin joint from an 
isolated nut running on the micrometer shaft. 	The shaft was turned 
by a reversible AC motor, a gearbox provided two speed options: 
2.5 r.p.m. for crack monitoring and 12 .5 r.p.m. for rewinding. 
At 12.5 r.p.m. the torque supplied to the shaft was approximately 0.6Nm. 
A ganged pair of helically wound 10 turn potentiometers wo.S—driven 
from the main shaft through a 20:1 reduction gear box. 	The lower unit 
was used to control the applied load as described in Section Al .6. The 
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upper potentiometer was used to measure the position of the probe 
over a range of 127mm (5 ins). 	A resolution of ± 12pm was achieved. 
The method by which the probe drive system was controlled is detailed 
in the next section. 
Al .4 Probe Drive Control 
A Phillips PAl 020 ultrasonic flaw detector was used to control 
the position of the 5MHz probe. 	The instrument had two independent 
signal monitors that could be switched to "gate" any desired part 
of the time base trace. 	Each monitor was internally linked to a 
relay which "switched" as the selected signal passed through a preset 
intensity level. 	Thus the probe was simply controlled: as the crack 
extended the "gated" reflection from the back wall was reduced and the 
relay contacts reversed. 	This activated the motor which drove the 
probe forward until the preset signal intensity was re-established. 
As supplied, the monitor gates had a significant hysterisis effect 
between the "ON" and "OFF" functions; this feature was eliminated to 
make the switching more sensitive. 	The motor was driven indirectly 
through a time delay device which permitted the physical increment 
of advance to be controlled. 	At a shaft speed of 2.5 r.p.m. drive 
for isec. resulted in 25pin of probe advance; this was the increment 
that was normally employed. 
The apparent crack length, as determined ultrasonically, appears 
to increase with the applied load. 	This effect is partly due to 
crack tip opening but also due to a change in the angle between the 
top and bottom surfaces of the specimen. 	To eliminate the latter 
factor the ultrasonic signal should ideally be monitored at a constant 
value of the applied load. 	In practice, under constant amplitude 
dynamic loading conditions, it proved satisfactoJry to monitor the 
signal continuously; this is equivalent to determining the crack 
length at the moment of maximum load application. When complex load 
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sequences were employed the apparent craek length varied with the 
loading, conditions. 	It was therefore necessary to prevent the 
probe driving forward to a non-equilibrium position as a result of 
overload- cycles. 	This was achieved by linking the block load 
programmer into the probe drive system in such a way that the probe 
was automatically deactivated during selected blocks. 	Consequently 
the crack growth records obtained under complex loading conditions 
contain exaggerated growth " steps 't which result from the probe 
advancing to its equilibrium position following the conclusion of a 
load block during which it was deactivated. 	The determination of 
crack growth rates under such conditions is considered in the next 
section. 
Al .5 Accuracy of Crack Length Measurement 
There are three aspects to the "accuracy" of a device such as 
that described above. 
The measurement of absolute crack length. 
The determination of. "macro" crack growth rates by continuous 
measurement of crack extension over distances in excess of 
1mm. 
The detection of "micro" growth resulting, for example, from 
a limited number of overload- cycles. 
Throughout the author's work absolute crack lengths have been 
determined by optical methods. No attempt has been made to use the 
crack monitor for such measurements its accuracy in this respect 
therefore remains unknown. 
For the determination of "macro" growth rates the performance 
of the monitor was investigated by comparing optical measurements of 
surface crack lengths with simultaneously obtained ultrasonic measurements. 
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Four tests were performed at different c'rack lengths and different 
stress intensity levels. 	The procedure was as follows. 	An 
equilibrium crack front profile was obtained by applying the stress 
intensity conditions required for the test for 5mm of crack growth 
before measurements were taken. Optical crack length determinations 
were then made on both faces of the sample at growth intervals of 
approximately 0.4mm. 	Simultaneously determined ultrasonic values 
were taken from the chart recorder which continuously monitored the 
probe position. 	Figure Al .5 shows the result of a test performed 
as the crack length approached its maximum permitted value. A 
consistent discrepancy of approximately 0.3mm was obtained between 
the optical crack length measurements from the two faces as a result 
of a zero error in the measuring system. 	The figure demonstrates 
an excellent agreement between the optically and ultrasonically 
determined growth rates. 	The four calibration tests all yielded 
similar results to those presented in Figure Al .5, the individual 
results are summarised in table Al .2. 	It is seen that the greatest 
discrepancy in the growth rates determined by the different methods 
is 2 . 2%. 	This accuracy was considered satisfactory for crack growth 
rate studies. 
The sensitivity of the monitor to growth increments in the "lAm" 
range is not readily determined. 	The circulating water in the test 
tank causes the intensity of the ultrasonic signal,associated with 
a stationary crack to vary over a short period between two accurately 
maintained limits. 	Thus if the crack is extended by, for example, 
an overload sequence, there may be an interval of up to a minute 
before the probe moves to its new position. 	The nature of this delay 
is statistical,a point that must be born in mind when examining a 
record in which discontinuous growth is expected. 	Tests have been 
performed in which crack arrest occurred. 	Under these conditions 
the ultrasonically determined length was stable to within 25pni per 
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hour. 	Figure Al .6 shows two crack groth records taken directly 
from the chart recorder. 	The lower trace represents growth under 
constant dynamic stress intensity conditions. 	The stepped appearance 
of the trace results from the incremental nature of the probe advance. 
Under these conditions growth increments of between 50 and 100pm can 
be detected. 	The upper record in the figure shows the monitor output 
when a periodic 20 cycle dynamic overload was introduced into the 
load sequence. 	(The probe was deactivated for the duration of the 
overload.) 	Clearly under these conditions the details of the 
trace should not be considered to represent the actual crack growth 
history. 	However, optical crack length measurements do confirm that 
the overall gradient of such traces does accurately represent the 
average crack growth rate. 
It is concluded that under favourable conditions growth 
increment of less than 100pm can be detected, but under complex 
loading conditions only the overall gradient of the crack growth 
record is significant. 	In general the monitor is suited to determining 
"macro" árack growth rates over an interval of not less than 1mm. 
Under certain loading conditions it may be necessary to continue the 
tests for several millimetres in order tothtain a satisfactory value 
for the overall gradient of the growth record. 
Al .6 Load Control for Constant Stress Intensity Testing 
A general feature of the more commonly used fracture toughness 
type specimens is that, under constant loading conditions, the crack 
tip stress intensity increases as the crack grows. 	The determination 
of crack growth rates under these conditions is complicated by the 
non-linear characteristic of the growth record. 	It was considered 
that this effect would be particularly unwelcome in the analysis 
of crack propagation rates resulting from complex load sequences. 
A means was therefore sought to maintain constant crack tip: stress 
intensity conditions over extended growth increments. 	For the CKS 






Y = 2.6()h/2 - 18.5(V3/2 + 655.7()5/2 - 1017() 7/'2 	ja)9/2 
(A1.4) 
when 	 0.3((0.7 
w 
For constant loading conditions 
KoY 	 (Al.5) 
and the stress intensity increases with crack length in the manner 
shown in Figure Al .7. 	To maintain a constant crack tip stress 
intensity it is necessary to control the load such that 
Po(.1/Y 	 (Al.6) 
It is seen from equation A1.4 that, for a given specimen geometry, 
Y is solely dependent on the crack length a. 	Consideration of the l/Y 
characteristic, Figure Al .8, shows it to be an approximately linear 
function of the crack length. 	This suggests that the necessary load 
control may be simply affected by the use of the--output from the 
ultrasonic crack monitor. 
In practice a multi -tap potentiometer was used as a potential 
divider to attenuate the servo amplifier load demand signal. An 
11 tap, helically wound potentiometer was ganged to the position 
measuring potentiometer on the ultrasonic crack monitor. 	The taps 
were "shunted" to modify the linear attenuation characteristic to the 
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1 /y function shown in Figure Al .8. 	The load demand signal from the 
digitally controlled block programmer was passed to the servo 
amplifier by way of the potential divider. 	The nature of the 
attenuation function required that the potential divider be set to 
correspond to the absolute crack length. 	This was achieved by 
calibrating the probe position signal against the crack length and 
by making provision to turn the common potentiometer shaft independently 
of the probe position. 	At the start of a test, with the probe 
in its equilibrium position at the crack tip, the position signal 
was manually set to correspond to the optically determined crack 
length. 	The ganged potential divider was thus set to provide the 
appropriate load signal attenuation. 
This semi-automatic control of the load signal considerably 
simplified the procedure for setting up the block load programmer to 
achieve any given crack tip stress intensity conditions. 	All loads 
were set on the programmer according to the expression 
P = 3.015 x io 	K1 	 (Al.7) 
where K was expressed in units of MNm_3'2. 	In a 35mm thick specimen 
this expression gives the load requirement for a/W = 0.3, this is 
the shortest crack length at which the stress intensity function is 
applicable. 	Appropriate attenuation of the signal to suit the prevailing 
crack length was achieved by setting the monitor position signal in 
the manner previously described. 	In this way complex stress intensity 
sequences could be quickly set by reference to a table of prepared 
values. 	 . 	 . 	. 
Al .7 Exerimental Procedure for the Determination of Crack Growth Rates 
To determine crack growth rates experimentally it was first 
necessary to locate the ultrasonic probe in its equilibrium position 
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at the crack tip. 	Normally during a sequence of related tests the 
probe would not need repositioning between each test. 	However it 
was necessary to adjust the ultrasonic equipment before the first 
test on any day and at times when major changes were made in the 
loading conditions. 	The probe was located as follows. 	The appropriate 
loading conditions were applied to the sample at a frequency of 0.5Hz. 
The manual override controls of the crack monitor were then used to 
determine the ultrasonic "profile" of the crack tip. 	This comprised 
an x/y plotter record of the ultrasonic signal intensity as a function 
of the probe position. 	A typical profile, with explanatory comments, 
is shown in Figure A1.9. 	The sensitivity of the signal monitor gate 
in the ultrasonic flaw detector was adjusted to provide automatic 
control of the probe at the point at which the back wall echo showed 
the greatest rate of change, see Figure Al .9. 	The probe was then 
allowed to find its equilibrium position under automatic control at the 
normal test frequency of 2Hz. Finally the probe position signal was 
compared with the optically determined crack length and if necessary 
adjusted as detailed in Section Al .6. 
Crack growth rate measurements could at this stage be undertaken. 
A two pen Honeywell y/t recorder was used to monitor the probe 
position and the duration of each block in the loading sequence. As 
displayed a pen deflection of 94mm was equivalent to 1mm of crack 
growth. 	The rate of chart advance was selected to yield a crack 
growth record with a gradient of between 0.5 and 1.2. 	The lower 
limit was principally to prevent excessive consumption of chart paper, 
the upper. limit was imposed in consideration of the errors involved 
in determining the crack growth rate. 	For a trace of inclination e 
the principoi error term is proportional to sec 20. 	This term increases 
at an unfavourable rate for gradients in excess of 1.2, (0500). 
During the early stages of experimentation crack growth rates 
were determined by the use of a computerised curve fitting technique. 
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A Ferranti "Freescanh' Digitiser was used to convert the analogue 
crack growth records to a digital form. 	A.( least squares routine 
was then employed to fit a "best straight line" to the data. 	Analysis 
by this method was discontinued as a result of the severe operating 
difficulties which were experience with the digitiser. 	The growth 
rate data presented in this thesis was all determined by manual 
interpretation of the analogue output obtained from the Honeywell 
chart recorder. For each test the apparent best straight line was 
constructed on the chart recorder output; the gradient was then 
measured to yield an average growth rate. Any attempt to make a 
definitive statement of the accuracy of this procedure is complicated 
by the variable appearance of the growth records. 	However, 
- consideration of a cross section of the chart records indicates that 
the measured gradient was within ± 5% of the "true" value for any 
trace. 	It was found that the natural scatter of the fatigue results 
was more severe than the potential errors associated with manual 
interpretation of growth rate data. 
The measured growth rates were correlated against the prevailing 
crack tip stress intensity conditions. 	Theë.: latter data was 
derived from periodic measurements of the applied load and the simultaneous 
optical crack length. 
Al .8 Possibilities for Further Develqpment of the Crack Monitor 
The ultrasonic crack length monitor described in this appendix 
-was developed only as-far as-was necessary for the -satisfactory 
completion of the fatigue tests that constituted the principa aim 
of the author's research contract, 	it is anticipated that future 
development of the device would further extend its capabilities. 
The most immediate requirement is to make provision to determine crack 
growth rates under trulg '-random loading conditions. 	At present 
the dependence of the ultrasonically determined crack length on the 
load applied to the sample, limits the monitor to use under conditions 
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of block load programming. 	It is consi1ered that satisfactory 
performance under more complex loading conditions could be achieved 
by monitoring the ultrasonic control signal at a constant value of 
the applied stress intensity,, or a similar parameter. 	By this means 
the measured crack length would be rendered independent of the 
instantaneous loading conditions permitting the device to be used for 
continuous monitoring of growth under truj random sequences. 
The possibility of using a mini-computer to perform the various 
control functions necessary for complex fatigue tests has been 
considered. 	The computer would be used'to generate an analogue 
load signal that was comparable with the servo amplifier input. The 
output from the ultrasonic crack monitor would be recorded in digital 
form and examined to detect preprogrammed conditions. With this 
control facility the requirement for operator supervision could be 
reduced to the absolute minimum; a significant improvement in the 
utilisation of the test facility could therefore be achieved. 	Such 
a system would make on-line analysis of crack growth rate data possible. 
This would constitute a major reduction in the operator's committments. 
Proposed improvements in the departmental fatigue test facilities 
will permit further development of the 'ultrasonic crack monitor. 
A 400 kN double acting hydraulic actuator is currently awaiting the 
construction of a suitable test frame. 	When, commissioned the new 
facility will eliminate the current dependence on the sample to sustain 
a sufficient load 'to return the actuator to its "zero" position during 
the unloading stroke of each load cycle. 	It will therefore be possible 
to select the specimen size to optimise the performance of the crack 
monitor. 	It is not currently clear if a change in the ultrasonic 
path length of the control signal would favour more accuTate detection 
of crack growth. 	This matter may be investigated by testing differently 
sized samples in the more veratile test facility that is planned for 
the future. 
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Finally it is worth noting that a very similar system to that 
described above can be based on the application of ultrasonic surface 
waves. 	Surface wave probes can be placed on the machined faces of 
the notch such that the ultrasonic signal travels from the probe, 
along the fracture surface, around the crack tip and back along the 
adjacent fracture surface to a second, receiving probe. 	Using 
this configuration the crack length is proportional to the time 
interval between transmission and reception of the ultrasonic pulses. 
Preliminary investigations indicate that sufficient signal power 
is available from standard flaw detectors, however some detailed 
modification of the signal analysis equipment would be required to 
provide the necessary control functions. 	The principoi attraction 
of the system is that the fixed nature of the probes eliminates the 
requirement for an elaborate traverse gear, thus permitting a neater 
specimen configuration to be adopted. 	The possibility of using 
smaller samples on the new double acting hydraulic actuator should 
prompt serious reconsideration of the surface wave approach to crack 
length determination. 
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Governing equation for close contact acoustic transfer: 
2 
- 	
(p1 u1 / 2u2 - p2u21p 1 u1 ) 
I 
Thickness, t, of 
medium 1. 	(pin) 
Acoustic transfer coefficient 
R/I 
3x10 5 
5 8x10 4 
10 3x10 3 
50 7x10 2 
100 5xl0 
Table Al .1 	Typical values foracoustic transfer under close 
contact conditions. 	Medium 1 = water, medium 2 = 
steel. 	Calculated for 5MHz probe at 200C. 
4cot2 (2 1 /? 1 ) + (p1 u1 /p2u2 ± p2u2/p1u1 )2 
niquaaon Al . 
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Crack length (mm) Discrepancy between 
optical and ultrasoiic 
values of da/dN (%)1 
Start Finish 
11 92 66 60.5 66.0 -2,2 
11 110 29 71.5 77.0 -1.1 
12 59 49 14.0 20.0 -0.8 
14 110 56 104.5 109.5 +1.1 2 
Notes: 1 Expressed as percentage of optically determined growth 
rate; + ye value indicates ultrasonic rate exceeds 
optical value. 
2 Shown in Figure A1.5. 
Table Al .2 Sunimary of tests performed to calibrate the ultrasonic 











Figure Al .1 Schematic diagram showing construction of the ultrasonic 



























—'--– ------- --• ------- ---I 
.1 	I 
1st reflection from fracture surface, 
PAP in Figure Al .1 
1st reflection from back wall, 
PDP in Figure Al .1. 
20 	 40 	 bO 	 80 	 100 	 120 
	
140 
Probe position, distance from end of machined notch (mm) 
Figure Ai.2 Comparison of intensities of alternative ultrasonic signals. 
-27 8- 
4 




Figure Al .4 Photograph showing the general construction 
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Experimental correspondenc 
'I A 	 • 	 of optical and ultrasonic measurements 
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Optically determined crack length from notch tip (mm) 
Figure A1.5 Crack monitor accuracy test record. 
2.0. 
LrL_fl 	200 ___f] 	fl__ H 
Overload frequency 	20 
Test conditions: 




Frequency = 2Hz 
Overloads as shown above. 
da 








150 	300 	450 	600 	750 
Number of cycles. 
Figure Al .6 Typical crack growth records. The lower 
record is for constant dynamic stress intensity 
conditions; the upper shows the trace obtained 
when periodic dynamic overloads are applied. 







0.3 	0.4 	 0.5 	 0.6 	 0.7 
Crack length as a/W 
Figure Al .7 Crack tip stress intensity conditions 
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Crack length as a/w 
Figure Al .8 Load characteristic required to maintain 
constant stress intensity conditions 
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Figure A1.9 A typical ultrasonic "profile" obtained by running the probe over the crack 
tip region. 	The monitor was adjusted to control at the level indicated by 





CONSIDERATION OF LOADING CONFIGURATIOW FOR CKS SAMPLE 
A2.1 Pin Friction Effects 
Pook [108] has: drawn attention to the significance of pin 
friction effects in the loading of single edge notch tension 
specimens. 	Crack opening in the cKS sample will result in similar 
effects as a consequence of the relative movement of the sample and 
the loading rokes. 	The form of the analysis that follows is that 
suggested by Pook [139].. 
Consider the specimen shown in Figure A2.1. 	Crack opening 
results in the creation of a frictional force, 11P, at the pin/sample 
interface. 	The stress in the uncracked ligament results from the 
tensile force P and bending moment N. The influence of pin friction 
is to reduce the bending moment N. 
Frictionless condition: 	N = xP 
With pin friction: N = 	xP - niP 
To a first approximation the bending moment reduction associated 
with pin friction can be equated to a notional displacement of the 
loading centre towards the uncracked ligament. 	Thus for the 
displaced loading centre with no fnictidnal effects 
M .  = N " = (x - c.'x)P 
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Equating N and N" 
= 
To examine the influence of this displacement on the crack tip 
stress intensity it is necessary to evaluate the compliance 
function Y. 	This is expressed as a function of a/W, thus 
must be translated to these dimensionless units. Referring to 
Figure A2.1 
a :;a' 	a—gx 
Y is given by [107] as 
3/2 	 5/2 
Y = 29.6() - 185.5(e) 	+ 655.7(e) 
- 1017 ( a
j)7/2 + 638. 9() 9/2 
Values for Y 1are obtained by substituting the appropriate value 
of a7W' in place of a/W. 	Table A2.1 shows how for the CKS 
sample used in this work, Y and Y f depend on crack length for an 
assumed value of the coefficient of friction of 0.2. 	This is 
the same value taken by Pook, as representative of metal to metal 
contact, in his analysis of the single edge notched specimen. 
It will be noted that these severe frictional conditions result in 
a maximum error of —4. 	In practice care was taken to preserve 
- --"lubricated" conditions for which the coefficient of friction is 
typically 0.1. Such a value would half the error values given 
in Table A2.1. 
The above analysis ignores the increase in the ratio R/W that 
occurs if the loading centre is displaced in the manner discussed. 
A change in this ratio also influences the value of the compliance 
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function in a second order manner. Values given by Brown and 
Srawley [140] indicate that for the loading centre displacements 
associated with a coefficient of friction of 0.2, LY is reduced by 
a further 0.5% at a/W = 0.3 as a consequence of the implied change 
- 	in the ratio H/W. 	This value, which is of less significance 
at higher crack lènghts, should be added to to the error term given in 
the final row of figures in Table A2.1. 	However as the additional 
error is small compared to the uncertainties of an assumed value 
of t, it has not been included in the Table. 
The above analysis indicates that stress intensity values 
determined for the CKS sample used in this work are not unreasonably 
influenced by pin friction effects. 	The potential percentage 
errors in stress intensity values are equal to the AY terms given 
in Table A2.1 
A2.2 Specimen alignment 
Accurate specimen alignment is critical to the correct 
determination of the loading conditions. 	The Nohr and Frederhauf 
test frame provides for the alignment of test pieces by the inclusion 
of spherical "seats" in the loading system. 	This system, slightly 
modified, was maintained for the testing of CKS specimens. A 
standard Nohr and Frederhauf spherical seat was used above the sample, 
a specially purchased spherical bearing was incorporated in the 
lower part of the system. 	Figure 3.7 details the location of these 
components. 	No quantitative assessment of the success of this 
self aligning system has been made, however as the test frame 
manufacturers found their spherical seats satisfactory for calibration 
purposes it is reasonable to suggest the system adopted is adequate 
for test use. 
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The pin jointed nature of the loading links presents a further 
alignment problem. 	Figure A2.2 shows the two possible misalignment 
configurations. 	In both cases the system should be self- 
aligning, however the frictional effects at the loading pins prevent 
this action being completed. 	Samples were therefore manually 
positioned prior to testing by laying a straight edge along the 
machined faces of the loading links. 	Consideration of the possible 
geometries indicates that the maximum value of 0 (Figure A2.2) 
obtained during this procedure was 10. 	Both configurations shom 
in Figure A2.2 result in the stress distribution in the sample being 
modified by pin friction effects of the type discussed in Section 
A2.1. 	Misalignment can also result in the creation of a shear 
force in the x direction of the macracked ligament. In theory this 
would produce an element of mode II crack opening, however the 
precautions taken in positioning the sample make such an effect 
insignificant. 
It is concluded that specimen misalignment is a direct 
consequence of pin friction effects and that, given careful manual 
positioning of the sample prior to testing, loading inaccuracies are 







Figure .A2.1 Free body diagram of half CKS 
sample showing force resulting from 
pin friction. 
a/W .32 .40 .50 .60 .70 
Y 6.09 7.32 9.60 13.54 21.43 
5.87 7.05 9.24 13.01 20.60 
A% -3.53 -3.69 -3.75 -3.91 -3.87 
Table A2.1 	Percentage change in compliance function 








Figure A2.2 Misalignment configurations for CKS sample. 
-290-. 
APPENDIX 3 
THE EVALUATION OF "EQUILIBRIUM" GROWTH RATES 
FOR COMPLEX LOAD SEQUENCES 
The cumulative damage law proposed by Miner [96] in 1945 has 
been much attacked for its demonstrated inadequacies under many 
loading conditions. However it does provide a simple criterion 
against which experimentally determined cumulative damage effects 
may be gauged. Miner originally stated his hypothesis as 
(A3.1) 
where n1 and. Ni refer respectively to the number of cycles applied, 
and the fatigue life at any given load level. 	The above expression 
may be modified to express fatigue damage in terms of crack growth 
rates instead of the life fraction, n/N 1 , used by Miner. Assuming 
that growth rates may be expressed as a function of the applied stress 
intensity in the general form: 
da 
dN= f(K) (A3. 2) 
then over any interval of a complex load sequence the average 
crack growth rate per cycle, 	a' is given by.: 
dNa = I(_fl') 	 (A3.3) 
where n. is the number of cycles applied at a stress intensity of 
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K1 . Fn. is thus the total number of l6ad cycles applied. 	For 
the two level, dynamic overload tests reported in Section 4.2.4, 
equation A3.3 reduces to: 
- f(K1 )•1 + 	
(A3.4) dN'1an +n 	n +n 1 	2 1 
The above expression was used to predict "equilibrium" growth 
rates for the tests reported in Figures 4.13 to 4.27. 	The function 
was deduced from the constant amplitude growth rate data 
presented in Figure 4.5; the empirically determined expression 
given as equation 4.2 was used to make quantitative predictions of 
(a).. 	Equilibrium growth rates for the 3 and 8 load level tests 
reported in Chapter 4 were also obtained by the above procedure. 
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